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SUMMARY  
 This work establishes a new genotype:phenotype linked display 

platform: Polyacrylamide Hydrogel bead Display (PHD). Four core elements 

have been designed into it; compatibility with ultra-high throughput microfluidic 

workflows, stability of genotype linkage, stability and control of protein display, 

and compatibility with a diverse range of assays (affinity, catalytic, cell-based) 

and displayed proteins (scFvs, DARPins, antimicrobial peptides, enzymes).  

 The first chapter presents the development of polyacrylamide hydrogel 

bead display. To enable protein display on polyacrylamide beads a new 

molecule is made, methacrylate-PEG-benzyl guanine, which is co-polymerised 

into the polyacrylamide hydrogel via the methacrylate group. The benzyl 

guanine group can form a covalent bond with the SNAP-tag. SNAP-tag can be 

expressed as a fusion to proteins of interest, thus enabling covalent phenotype 

linkage to beads. Proteins can be displayed at up to 2.8 x 108 molecules per 20 

micron bead, and still be detected at only 5000 molecules per bead. Acrydite-

modified oligonucleotides can also be co-polymerised into the hydrogel beads, 

enabling PCR to be used for genotype linkage to the beads. Emulsion in vitro 

transcription and translation (IVTT) can then be used to monoclonally express 

the encoded protein, which is then captured on the encoding bead in the 

droplet, thus establishing on bead genotype:phenotype linkage.  

 The second chapter focusses on the development of library-scale 

polyacrylamide hydrogel bead display in the context of improving a potential 

cancer therapeutic agent; a pro-apoptotic, anti-TRAIL-R1 scFv. Emulsion PCR 

was found to be an unsuitable library amplification technology, and instead 

amplification of single DNA molecules in microfluidic droplets is achieved by 

emulsion RCA. Hydrogel bead formation is achieved by “pico-injecting” a 

polyacrylamide hydrogel mix into each individual droplet, and allowing 

polymerisation to occur. The polymerised hydrogel beads, functionalised with 

both genotype and benzyl-guanine, are recovered and used in an emulsion 

IVTT reaction. The hydrogel beads can be packed on chip, enabling single bead 

per droplet encapsulation efficiencies far in excess of the Poisson distribution. 

The in vitro expression of the pro-apoptopic scFv molecules was found to be 

low yield, limiting its use for cell-based functional screens, thus an alternative 
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protein scaffold, DARPin, was tested and shown to express at high yield in 

IVTT. Concomitantly it was found that multimerization of the agonistic molecule 

improves the induction of apoptosis significantly. To enable screening of 

libraries at desired multimeric states a display construct was made, SNAP-

PhoCl-SpyCatcher 3x, that would trimerise library members when expressed as 

a fusion to SpyTag. Trimerised library members can then be released from 

bead in droplet through photocleavage of the PhoCl protein.  

 The third chapter focuses on an alternative library construction 

technique termed splinted ligation. Splinted ligation is a combinatorial technique 

that achieves diversity through iteration rather than compartmentalisation. 

Notably combinatorial library construction achieves 100% of beads with a 

monoclonal genotype. A small test library is created of an antimicrobial peptide 

LL37, and successful in vitro expression and display confirmed by antibody 

staining and FACS analysis. Ultra-high throughput compatible bacteriolytic 

assays based upon either fluorescence or absorbance are shown.  
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Introduction 

 1 

1 Introduction 

This thesis sets out the establishment of a new ultra-high throughput 

in vitro protein display platform. The focus has been on displaying 

therapeutic proteins such as scFvs and DARPins, and on increasing 

the quality of screening campaigns whilst simultaneously reducing 

costs. This chapter sets out the context of the project, highlights the 

need for rapid, robust, and cheap discovery and development 

workflows and introduces the already extant enabling technologies 

used within the project.  

1.1 Understanding the interest in therapeutic proteins 
 

Despite the rich history of using small molecules as drugs, and the huge impact 

they have had on medicine and society, their future use is looking more and 

more limited. Small molecule drugs such as antibiotics revolutionised medicine 

upon their discovery and have greatly benefited humanity since, for instance 

penicillin is estimated to have saved >10 million lives thus far [2]. However, over 

time issues related to them have become apparent; their small size (<900 Da) 

for instance, whilst a seeming virtue (oral bioavailability, transmembrane 

diffusion), limits the possible size and complexity of the binding interface 

between a drug and its target. The limited binding interface impacts both the 

affinity a drug has for its target (which for small molecules appears to have an 

upper limit of 10 pM [3]), and the specificity for the desired target. Specificity is 

affected by a low number of binding interactions (hydrogen bonds, electrostatic 
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interactions, and van de Waals interactions) because related molecules may not 

be distinguishable from the desired target by a low number of interactions. A 

limited ability to distinguish between a target and related proteins can lead to 

off-target effects that can severely limit the therapeutic window of a drug 

through the induction of intolerable side effects. Even when a small molecule 

drug is developed that has acceptable off-target effects, the limited mechanisms 

of action (usually inhibition of enzymes) means nuanced therapy is difficult. For 

instance cytostatic oncology drugs that seek to limit cellular proliferation via 

inhibition or disruption of essential cellular processes (e.g. inhibition of 

topoisomerases) also impact non-malignant cells leading to severe acute and 

chronic side effects such as hair loss, nausea, infertility and even 

carcinogenesis [4,5].  

  

Secondary to the aforementioned limitations of small molecules as drugs is the 

resource-intensive and difficult process of discovering and developing them. 

Large libraries (~1 x 106) of small molecules tend to exist as proprietary material 

held by large pharmaceutical companies due to the upfront cost ($0.4-2 billion) 

required for preparation, and subsequent screening [6,7]. If a hit is identified 

then any desired iteration requires further synthetic chemistry, increasing the 

time and cost of drug development and limiting this development to facilities 

with these capabilities. Recent advances in small molecule drug discovery have 

reduced the associated cost and time input required. For instance DNA-

encoded libraries have reduced the cost of library synthesis to ~$150,000 for 

800-million compounds [7], and subsequent assay miniaturisation has reduced 

the requisite time for screening [8]. Computational modelling of small 

molecule:target interactions has enabled some easier development, however it 

is still inaccurate and requires physical experimentation [9].  

 

The required step change in drug discovery can be seen in the field of antibiotic 

development. No new antibiotic class has been approved since 1987 (acid 

lipopeptides), and none against gram-negative bacteria since 1962 [10,11]. A 

large proportion of research and development since then has been on 

discovering new antibiotics within existing classes that display desired 
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characteristics (e.g. evasion of a bacterial resistance mechanism). An economic 

risk exists when searching for drugs in a new chemical space, as subsequent to 

the discovery of desired activity, the molecule still requires extensive 

investigation for many other characteristics, (e.g. bioavailability, solubility, 

stability, and interactions). As such these searches, despite the need for them, 

have not been a main focus. Addressing the economic incentivisation of drug 

discovery is being investigated at a governmental policy level. For instance the 

transfer of patent extensions to a company’s blockbuster drug as an incentive 

for antimicrobial drug discovery [12]. However, readjusting the economics of the 

system does not address the fact that small molecule drug discovery is 

expensive, and the resultant drugs are limited in their mechanisms of action and 

thus their ability to be future proofed against potential resistance mechanisms. 

Drugs need to become more specific, and more nuanced in their mechanisms 

of action, whilst simultaneously the discovery process needs to become 

cheaper and more reliable. 

 

Therapeutic proteins fulfil many of these criteria. Many diseases are caused by 

the specific loss of an important protein, and these were the first to be 

addressed through the use of therapeutic proteins. Purified, (now replaced by 

recombinant), Insulin for instance has been used for close to 100 years to treat 

Diabetes [13]. However, it is the second generation of therapeutic proteins that 

specifically target or modulate a disease-relevant moiety that are of the most 

interest here. Within this wave of therapeutic proteins, antibodies, (in the IgG 

format and derivatives thereof: Fab, and scFv) are the most prevalent and 

developed so far, thus discussion will focus on them (although other classes are 

gaining ground and offer desirable traits as discussed in Figure 1). Antibodies 

can exhibit exquisite specificity and affinity for a desired target due to their large 

binding interface (made up of the CDR loops of the variable heavy and light 

chain regions). On top of this specificity and affinity their use has enabled 

entirely new mechanisms of action to be explored, and thus diseases to be 

treated, as detailed here;  

 

 

Direct modulation of disease-relevant targets: 
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- Herceptin antagonising the membrane-bound receptor Her2 relevant to 

breast cancer [14] 

- Humira sequestering TNFalpha relevant to rheumatoid arthritis [15] 

- Antivenoms sequestering individual toxins upon snakebite  

Engagement of the immune system: 

- Immune checkpoint inhibitors such ipilimumab and nivolumab that target 

CTLA-4 and PD-1 respectively, thus removing a cancer’s inhibition of the 

natural immune response  

- Direct recruitment of immune cells to targets of interest through 

interaction of the Fc domain with Fc receptors 

- Direct recruitment of T cells to target of interest through Bispecific T cell 

Engagers (BiTEs) [16] or immune-mobilizing monoclonal TCRs against 

cancer (ImmTacs) [17] 

Delivery of therapeutic or diagnostic moieties to specific sites: 

- Antibody-drug conjugates 

- Imaging reagents 

 

These mechanisms of action are continually being supplemented through 

further technology development, for instance the targeted intracellular 

degradation of specific proteins via antibody-directed proteasome recruitment 

[18]. Use of alternative therapeutic proteins can also enable entirely new 

mechanisms of action; e.g. genetic engineering through Cas9 systems, or 

intracellular expression and functionality through DARPins [19]. The use of 

therapeutic proteins against intracellular targets is particularly exciting, as 

antibodies have traditionally struggled in this regard due to the difficulty of 

translocation across the cell membrane, and instability of disulphide bonds in 

the cytoplasm affecting antibody functionality. Use of non-disulphide-bonded 

proteins such as DARPins, alongside fusion to cell-penetrating peptides or 

bacterial toxins appears to be a promising avenue for future drug development 

[20].  
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 Source Molecular 
weight (kDa) 

Thermostability 
(oC) 

Expression host Clinical trial 
stage 

IgG Human ~150  55-90 Mammalian In clinic 
IgA Human ~160  Mammalian - 

Nanobodies Camelid 12-15 86  Bacterial II (completed) 
DARPins Human 

(synthetic) 
14-18 90 Bacterial III (completed) 

Bicyclic 
peptides 

Synthetic 1.5-2 NA Bacterial/chemical I (recruiting) 

Many scaffolds exist now, and these represent just a small selection of a vast repertoire. These 
all offer different characteristics that bear relevance to discoverability (immune libraries vs. 
synthetic libraries), developability (thermostability relates to evolvability), producibility 
(expression host and yield), and deliverability (thermostability), as well as their actual use as 
therapies; immunogenicity (~source), half-life (size, effector functions), tissue penetration (size), 
effector functions etc.  

IgG (and subclasses of it) are the most common therapeutic format currently, largely due to 
historic practical reasons rather than any intrinsic benefits of the scaffold. These practical 
reasons included the availability of IgG expressing B cells in circulation, availability of 
purification reagents (such as Protein A), and availability of suitable mouse models (for instance 
mice had to be made transgenically expressing FcaR for interaction with IgA to be studied [21]). 
A transition from murine antibodies, through chimeric antibodies to fully humanised antibodies 
has enabled a reduction in the immunogenicity of IgG based drugs. This idea translates to 
others also, with the source of a scaffold being highly relevant to its likely immunogenicity. 
Immunogenicity is always a concern when transitioning from IgG based scaffolds and is why the 
use in advanced clinical trials is included.  

The mentioned alternative scaffolds, (DARPins, bicyclic peptides and nanobodies), have been 
trialled and appear not to generically suffer immunogenicity issues. They are highly attractive 
due to their simple structures, (no PTMs, no/limited disulphide bonds, monomeric, low molecular 
weight) enabling cheap expression in bacterial systems (DARPins for instance can achieve 15 
g/L in bacterial fermentation [22]) or even chemical synthesis. These simple structures also 
exhibit great stability, which enables not just simple delivery and long shelf-life (reduced 
requirement for a cold supply chain), but also construction and expression of multivalent, and 
multispecific constructs with ease. Thus, alternative scaffolds can be imbued with effector 
functions such as immune cell engagement, or even intracellular delivery and activity if desired. 
Their small size can also enable them to access a larger volume of circulation via increased 
tissue penetration, and to access otherwise inaccessible epitopes such as the active site of 
enzymes. 

This developability has enabled one of the large remaining problems associated with alternative 
scaffolds, their reduced half-life vs. full antibodies, to be addressed. Typically full IgG antibodies 
exhibit half-lives of many days, due to their size being greater than the glomerular filtration limit, 
and their Fc domain enabling interaction with the neonatal Fc receptor for recycling from the 
lysosomal degradation pathway upon cellular internalisation. Alternative scaffolds can now be 
expressed as fusions to Fc domains, HSA, or binders against either to enable half-life to be 
increased to the multi-day scale [22].  

Figure 1: Overview of therapeutic binding protein scaffolds 

The discovery process for antibodies against a defined target is benefited by the 

ability to genetically encode variants, and link the phenotype of a variant to its 

sequence via biological expression (either in vivo, or using cell-free in vitro 

expression kits). A particular phenotype can be interrogated, e.g. binding to a 
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target, and the sequences encoding desirable variants can be recovered for 

either further variation and iteration, or sequencing. Many such 

genotype:phenotype linked approaches have been developed (Table 1). An 

early example of utilising genetic encoding and biological expression is the use 

of polyclonal antibody serotherapy for snake bite envenomation therapy. 

Polyclonal antivenom is developed by immunising a large mammal, such as a 

horse, with the venom of a particular snake species and purifying the resultant 

immune response for direct use as therapeutic agents. Subsequent 

development of monoclonal antibody discovery techniques such as hybridoma 

technology enabled the immune response of immunised animals to be 

deconvoluted, and individual clones interrogated for a desired phenotype [23]. 

Newer technologies such as phage display and yeast display have enabled 

extremely large libraries to be screened in short timeframes. However it should 

be noted that they are generally incompatible with screening antibodies as full 

IgG (the intended final drug format), thus requiring reformatting from scFv or 

Fab format to full IgG. This process is not trivial and often results in loss of 

affinity or specificity [24,25]. Importantly the genotype:phenotype linkage in 

these systems enables iteration, and thus, the directed evolution of antibodies. 

This is a useful tool as millions-billions of variants of an antibody can be created 

and screened with little human input required.  
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 Expression 
host 

Library 
size 

Relevant description Notes of interest 

Monovalent 
(1-5) 

    

M13 Phage 
display 

In vivo  
(E. coli) 

109-1010 - POI expressed as fusion to pIII from 
transformed phagemid 
- Helper phage infection delivers genotype 
for phage virion assembly 
- POI incorporated in virion assembly in 
periplasm (thus need suitable signal 
peptide) 
-Virion packages phagemid for 
genotype:phenotype linkage 
 

- Many protein formats screened 
(scFv, Fab, DARPin, peptide…)  
- Maximum pentavalent display 
by WT pIII deletion 
(HyperPhage) 
- Can use alternative phage e.g. 
T7 if POI is not translocatable to 
periplasm 
-Can fuse POI to alternative coat 
proteins 

Ribosome 
display 

In vitro 1012-1014 -POI expressed as fusion to a spacer 
sequence without a stop codon [26] 
-Translational machinery does not 
disassemble, and the expressed 
polypeptide remains associated with its 
encoding mRNA 

-RNA genotype risks stability 
issues 

SNAP 
display 

In vitro 109 -Single molecule of BG-conjugated DNA 
encapsulated in droplet [27] 
-POI expressed as fusion to SNAP-tag 
-SNAP-tag covalently reacts with BG on 
DNA 

- Can increase valency with 
dendrimer display [28] 
 

Cis 
display 

In vitro 1012 -POI expressed as fusion to phage 
replication initiation proteins (RepA) [29] 
-RepA binds to the Ori DNA sequence on 
its own template molecule 

-Covalent cis display developed 
through use of P2A protein [30] 

Multivalent 
(103-106) 

    

Yeast In vivo  
P. pastoris 
S. cerivisiae 

107 -POI expressed as fusion to Aga2p [31] 
-Use of epitope tags allows expression 
level normalisation 

-Can express full length IgG 
-Slow growth 

Bacterial  
display 

In vivo  
E. coli 

108-109 -POI expressed as fusion to an Outer 
membrane protein (OmpA, CPX) or 
flagella/fibril 

 

Mammalian In vivo  
CHO or 
HEK 

104-109 -3 approaches: genomic integration of 
library members [32], transient expression 
[33], episomal expression [34] 
-Use of human cells enables correct PTMs 
and folding 

-Can use AID activity for somatic 
hypermutation based continuous 
evolution [35] 
-Can target genomically 
integrated sequences with 
homology-directed mutagenesis 
[36] 

Bead In vitro 105-106 -Each magnetic bead is coated with many 
copies of a single DNA clone [37,38] 
-DNA is conjugated to BG 
-POI expressed as fusion to SNAP-tag 
-SNAP-tag reacts covalently with BG 

-Only HA tag and scFv displayed 
so far  

B-cell  
receptor 

In vivo  
Memory B 
cells 

 -Memory B cells expressing BCR on the 
surface incubated with fluorescent antigen 

-Species agnostic 

Secretory     
Hybridoma In vivo  105-106 -Primary B cells fused to myeloma cell line 

for immortalisation 
 

-Inefficient fusion (1/5000 B cells) 
-Heterogeneity of secretion yield 
between cells and over time 
-Time-consuming cell culture 
required 

Primary  
B cells 

In vivo  105-106 -B cells (plasmablasts) from an 
animal/human secrete IgG 
-Compartmentalisation required to maintain 
genotype:phenotype linkage 

-Antibodies already affinity 
matured via Somatic 
hypermutation 
-Multiple strategies for 
compartmentalisation (Nanopens 
[39], microfluidic droplets [40]) 
-Species agnostic 
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Table 1 Overview of existing screening platforms.Multivalent (>103 protein molecules) platforms 
and monovalent (<101 protein molecules) platforms are organised by their typical display 
valency, (e.g. M13 phage display is typically used monovalently, and non-monovalency only 
achieves five displayed molecules with pIII fusions). Acronyms used in the table: Protein of 
Interest (POI), O6-alkylguanine DNA alkyltransferase (SNAP-tag), benzyl guanine (BG), B-cell 
receptor (BCR), activation-induced cytidine deaminase (AID), Chinese hamster ovary cells 
(CHO), Human embryonic kidney cells (HEK).  

 

Two notable differences exist within the screening techniques; monovalency vs. 

multivalency, and in vivo vs. in vitro expression. Monovalent techniques display 

just one protein molecule (or a very limited number more if greater than one) 

per genotype linkage, whereas multivalent techniques typically display 

thousands-millions of protein molecules per genotype linkage. The valency 

subsequently affects the screening techniques that can be used. Monovalent 

techniques are suitable only for panning against an immobilised target (on a cell 

surface, or purified and captured on a surface), where positive binders will be 

enriched by the removal of non-binders by washing. This process is successful 

and simple, however positive binders need only pass a pre-defined threshold to 

qualify as such, making the screen qualitative and discrete. Multivalent 

techniques, in comparison, are compatible with quantitative assays as the 

number of antigen molecules bound per screenable unit (usually a cell) is a 

measure of the affinity of that variant for the antigen. As the number of protein 

molecules is in the range of thousands-millions per screenable unit, ultra-high 

throughput techniques such as fluorescent-activated cell sorting (FACS) can be 

used as this is now within their range of sensitivity. A screening campaign can 

thus be viewed in real-time, enabling adjustment of the sorting thresholds and 

control of stringency as desired. The second difference (in vivo vs in vitro 

expression) affects a number of relevant factors. Firstly, in vivo expression 

requires the delivery of genotype into cells for expression, (most commonly via 

transformation). Transformation places an upper-boundary on the library size 

that can be screened, as for instance even the most efficient methods such as 

electroporation into commercial E. coli cells only advertises 3 x 1010 

transformants per microgram of DNA [41]. Actual yields are typically lower, and 

that is with purified, methylated supercoiled plasmid DNA, criteria a cloned 

library will not fulfil. Preparing a microgram or more of library DNA entirely in 
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vitro is also not trivial. in vitro display techniques, whilst not requiring 

transformation, will not possess post-translational modifications such as 

glycosylation as the expression machinery are typically derived from bacterial 

lysates rather than eukaryotic systems. They will also typically lack chaperones 

that aid functional folding of the proteins of interest, and also lack quality control 

mechanisms that are present in eukaryotic display platforms. The presence of 

only the POI in an in vitro expressed display format, versus the plethora of 

cellular proteins and molecules associated with in vivo display formats, reduces 

the potential for non-specific interactions, or interference with a desired assay. 

The use of defined in vitro expression kits, alongside simplified display 

mechanisms reduces the biological complexity, which can subsequently reduce 

the effect of phenotypic variation on a screen. In vitro expression also enables 

toxic proteins to be screened, alongside the ability to include non-natural amino 

acids as no cell is required to survive or proliferate.  

 

1.2 Examination of the issues associated with the use of 
proteins as therapeutic agents 

 

Therapeutic proteins are typically expensive in comparison to small molecule 

formats. This expense arises from the addition of multiple factors. Notably 

production costs are high, for instance antibodies require expensive mammalian 

cell expression for correct glycosylation and folding. Development is also not 

always facile due in part to:  

Failure of knowledge 

-  inadequate target validation, (e.g. a protein thought to be involved in 

disease is not, or is also expressed widely in other tissues) 

- inadequate biochemical understanding of the target, (e.g. binding in vitro 

does not correspond to in vivo efficacy due to the presence of co-

activators/repressors etc.) 

Failure of practice  

- difficulty in producing a correctly-folded target protein that accurately 

resembles its in vivo structure, (particularly relevant to G-protein coupled 

receptors) 
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- binders with the highest affinity do not necessarily represent the best 

drugs, e.g. lower affinity scFvs show better tumour penetration than 

higher affinity scFvs [42] 

 

These failures mean that the research and development phase of therapeutic 

proteins is still expensive, leaving current drug discovery typically focussed on 

for instance oncology, or diabetes (i.e. western diseases where the market is 

large enough to support the associated costs of all the stages of drug discovery, 

development and production). It would be highly desirable to democratise the 

technologies and ideas used in these programmes such that more neglected 

diseases could be addressed. Snake envenomation therapy for instance, where 

the burden is high but market-size small, has recently been designated as a 

WHO priority and reclassified as a Neglected Tropical Disease [43]. Whilst not-

for-profit organisations, and charity are able to support the pursuit of these 

lesser diseases, the fields still do not have the ‘slush-fund’ available to industrial 

projects. As such, improvements to the entire therapeutic protein discovery, 

development, and production pipeline are required.  

 

I identify two key areas in which improvements will have an impact upon the 

expanded use of therapeutic proteins here, with suggested solutions 

highlighted; 

Production 

- Reduction of cost through technology development of antibody 

expression [44]. For instance use of oligoclonal cultures for the 

production of antibody mixtures [45] 

- Reduction of costs through the use of alternative protein scaffolds that do 

not require expensive mammalian expression platforms. For instance 

DARPins, that can show high yield (15 g/L) expression in bacterial 

cultures, [22] 

Screening 

- Improve target identification/relevance 

o Use -omic level data sets 

o Use designed targets 
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- Improve the quality and throughput of screens 

o Incorporate quantitative genotype:phenotype linked screening 

techniques e.g. yeast display, or mammalian display  

o Acquire and incorporate high quality, high quantity quantitative 

sequence-linked phenotypic data for bioinformatic analysis e.g. KD 

matched to sequence across thousands of variants [46] 

- Incorporate functional cellular assays as early as possible to remove 

candidates only positive for activity due to in vitro assay artefacts 

o Improve the relevance of cellular assays through the use of 

primary cells or organoids [47] 

o Miniaturise these assays to reduce costs and increase throughput 

for compatibility with screening more variants 

- Improve the libraries of therapeutic proteins being screened  

o Derive libraries from a human repertoire, ideally of a 

patient/immunised individual for focussed diversity and reduced 

immunogenicity [48] 

o Use single B-cell technology for correct antibody heavy:light chain 

pairing  

o Use modern DNA synthesis approaches such as array-

synthesised oligo pools to enable focussed library construction 

and reduced degenerate diversity [49] 

 

This thesis will focus on just two of these points; improving the quality of 

screening, and incorporating functional cellular assays as early as possible. 

However, other points are relevant, notably the use of alternative binding 

scaffolds such as DARPins in Chapter 3.  

1.3 Screening of therapeutic proteins and associated 
potential improvements 

 

Two different approaches to therapeutic protein discovery exist; target-driven or 

phenotypic screening. In the first, a target is identified that is associated with 

disease, and a screen is designed to assay modulation of that target. In the 

second a cell-based model of disease is used, and drugs are assayed for their 
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ability to modulate the disease phenotype. Both have their merits; target-driven 

enables simpler assays, and more defined screens, whilst phenotypic screens 

can identify drugs that affect the disease phenotype through previously 

unknown routes/mechanisms. Both also would benefit from improving the 

quality of screening, and incorporating functional cellular assays as early as 

possible (a requirement for phenotypic screening). Bearing both of these 

approaches in mind it is important for the analysis of therapeutic protein 

discovery to identify the classes of assays that will be desirable to carry out:  

• Binding to a pre-defined target  

• Binding to cells  

• Functional binding assays with purified components e.g. inhibition of a 

protein-protein interaction  

• Functional catalytic assays  

o Enzymes for therapy  

o Enzymatic inhibitors  

• Functional cellular assays e.g. receptor agonism induced apoptosis 

 

It would be highly desirable for one display format to be compatible with all of 
these assays, so that conversion or reformatting are not required. As such 

multivalency is required. Likely compatibility with all assays is also increased via 

the use of an in vitro format due to the reduction of the number of 

variables/confounding factors present. Ideally this format would also enable 

large libraries to be screened, particularly in the case of functional cellular 

assays, so that cellular data can be acquired as early in the drug discovery 

process as possible. This early stage could be after an initial round of panning 

against a defined target, so thousands of potential hits would need to be 

handled, or even the very first stage itself in the case of phenotypic screening. 

For compatibility with phenotypic screening of naïve libraries, ultra-high 

throughput would be required (i.e. >1 million variants screened), to give a 

reasonable chance of actually identifying a variant of interest. To conduct 

assays at a throughput of >106, without consuming large amounts of resources 

and time requires miniaturisation. Droplet-based microfluidics represents a 
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method of achieving assay miniaturisation, thus any potential platform should 

be highly compatible with it.  

1.4 Use of existing technologies 

1.4.1 Assay miniaturisation in microfluidic droplets 
 

Droplet-based in vitro compartmentalisation has existed since 1998, with the 
use of polydisperse emulsions [50]. The principle relies upon the immiscibility of 

water and oil, creating water-in-oil droplets that are stabilised through the use of 

surfactants. Advancements in the field have led to the use of microfluidics, 

where extremely small volumes of fluids can be controlled through the use of 

specifically designed chips. These chips consist of channels on the micron 

scale, in polymers such as polydimethylsiloxane (PDMS). The use of designs 

such as T junctions or flow-focussing junctions allows for water-in-oil droplets to 

be made. The size of these droplets can be precisely controlled by both chip 

geometry and fluid flow rates. Typical droplet volume ranges are from pL to nL. 

The use of small volume compartments enables throughputs of greater than 

one million to be readily achieved. Many different designs and tools are now 

available enabling for instance picoinjection of specific volumes of liquid to 

individual droplets [51], splitting of droplets [52], and sorting of droplets on chip 

based on absorbance (absorbance-activated droplet sorting, AADS [53]) or 

fluorescence (fluorescence-activated droplet sorting, FADS [54]). These tools 

have been used for enzyme evolution and discovery, diagnostics, antibody 

discovery, primary immune cell analysis, single-cell transcriptomics, and stem 

cell work. Established, commercial units are now available for droplet PCR, or 

single-cell transcriptomic workflows. The utility of microfluidics is now well 

established, yet its power is yet to have been fully used for drug discovery 

workflows. Primary B cell screening has been carried out for target binding [40], 

as well as mock library hybridoma screening for enzyme inhibition [55]. 

However no format appears to be readily compatible with a diversity of assays 

and drug formats, thus leaving space for the development of a new useful 

display technology. 
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 Throughout the discussion of droplet workflows a recurring theory is 

encountered, the Poisson distribution. This is a statistical model that describes 

the distribution of individual moieties, (e.g. DNA molecules, cells, beads) into 

individual compartments (Figure 2). It is of great use, as droplet-based 

experiments usually aim for investigating one moiety per droplet, thus 

understanding the likelihood of this occurring is necessary to control both the 

quality and the throughput of a screen. For instance if an experimenter desires 

to investigate single cells in droplets they can dilute a bulk solution of cells, (of 

known concentration) to a concentration of one cell per droplet volume. This is 

referred to as a lambda value of 1, (on average 1 cell will be encapsulated per 

droplet). However, as distribution of single cells in a volume is not entirely 

homogenous, some droplets will contain no cells, and some droplets will contain 

more than one cell. The ratio of these is described by the Poisson distribution:  

𝑃(𝑥; 𝜆) = (𝑒!")(𝜆#)/𝑥! 

As shown in Figure 2, a lambda value of 1 would actually entail 36.8 % of 
droplets being empty, 36.8 % containing one cell, and 26.4 % containing > 1 

cell. As the experimenter wants to primarily investigate single cells, a further 

dilution is required such that if a droplet is occupied at all, it is likely only by a 

single cell. Whilst reducing the number of cells that can be investigated for a 

given number of droplets, the quality of the investigation will increase as the 

data acquired for one droplet will correspond to the activity of a single cell. As 

such a balance is used between required throughput and assay quality. Typical 

lambda values range from 0.1-0.3. A lambda value of 0.3 gives 74 % empty 

droplets, 22.2 % singly occupied droplets, and 3.8 % of droplets containing >1 

cell (see pink squares, Figure 2). Technologies to overcome the Poisson 

distribution in microfluidics do exist; focussed either on removing stochasticity 

from the system, thus controlling the encapsulation efficiency, or on filtering out 

double or greater encapsulation events. The former acts to increase both the 

throughput and the quality of a screen, whilst the latter just improves quality. 

Controlling the encapsulation efficiency has been achieved in at least two ways; 

the use of inertial ordering of microparticles [56], or the close-packing of 

hydrogel beads on chip [57]. The flow rates required for inertial ordering of 

microparticles is high, and could place stress upon any cells used in the 

workflow. Polyacrylamide hydrogel beads have thus emerged as a useful tool 
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for single-cell microfluidic workflows, as their encapsulation efficiency can be 

controlled to achieve near 100 % single bead per droplet.  

 

 
Figure 2 Graphical representation of the Poisson distribution at different lambda values 

1.4.2 The current applications of polyacrylamide hydrogel beads 
 

Polyacrylamide hydrogel beads have found great use in microfluidic workflows 

recently due to their ability to be closely packed on chip in a ‘train’ of single 

beads. The flow rate of the packed ‘train’ of beads can be controlled, and 

matched to droplet formation frequency, thus enabling ~100 % single bead per 

droplet encapsulation efficiencies at rates up to 20 kHz [58]. High efficiency of 

single bead encapsulation means that the throughput of single-cell analysis 

workflows can be maximised, as all cells that are co-encapsulated will be paired 

with a single bead. The single bead can be used to deliver assay components, 

for instance barcoded oligonucleotides for reverse transcription of cellular 

mRNA [59,60]. Acrydite-modified oligonucleotides can be co-polymerised into 

the polyacrylamide hydrogel matrix during bead formation, through the use of 

the acrydite group as a monomer in polyacrylamide chain formation [61]. The 
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covalent incorporation of oligonucleotides into the polyacrylamide hydrogel 

bead is stable, even through thermocycling, (in PCR reactions) [62]. Each bead 

can be uniquely barcoded, enabling all of the mRNA from a single cell to be 

labelled with the same barcode and the subsequent use of those barcodes for 

deconvolution of transcriptomic data after next-generation sequencing.  

The use of polyacrylamide hydrogel beads extends beyond microfluidic 
workflows, with the recent demonstration of ‘particle-templated emulsification’ 

[63]. The beads are equilibrated with assay reagents, such as a PCR mix, and 

then vortexed in oil. The resultant droplets form monodispersely around 

individual beads, and assays such as PCR can be carried out. Importantly, this 

method of monodisperse emulsification does not scale with time, (as 

microfluidics does), as 20 μl of emulsion can be made in the same time as 2 ml. 

The potential throughput (2 ml of 20 μm diameter droplets represents 2.5 x 108 

compartments/ml), and ease of achieving monodisperse compartments through 

the use of polyacrylamide hydrogel beads could aid the spread of droplet-based 

workflows beyond laboratories with the resources and knowledge for 

microfluidic setups.  

1.4.3 Synthetic oligonucleotides and their derivations 
 

Oligonucleotide synthesis has advanced dramatically over recent years, and is 

based mostly on phosphoramidite chemistry, although enzyme-based 

techniques are being developed. Phosphoramidite chemistry functions by the 

addition of defined bases in cycles in the 3’-5’ direction. The chemical synthesis 

of these oligonucleotides is highly relevant to this project, as many derivatives 

and variants are used. Non-canonical nucleotides can be included for instance, 

as will be relevant in Chapter 4. Functional moieties can also be attached such 

as fluorescent molecules that enable quantification of assembled DNA. Other 

functional moieties such as biotin or acrydite can be added, which enables the 

attachment of oligonucleotides, or polymerised DNA molecules with these 

oligonucleotides incorporated, to relevant surfaces. For instance biotin is used 

to attach DNA to streptavidin coated magnetic beads, and acrydite is used to 

co-polymerise oligonucleotides into polyacrylamide hydrogels. Notably, during 

synthesis errors can occur, mostly resulting in truncated product. Errors occur 
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due to the coupling efficiency of an incoming base to the already immobilised 

growing oligonucleotide being ~99.5 % [64]. The <100 % coupling efficiency 

results in some oligonucleotide chains that do not receive a nucleotide at a 

given cycle. These contain a free 5’ hydroxyl group which must be quenched by 

addition of a capping reagent to prevent their inclusion in the next rounds of 

nucleotide addition. The truncated products can be removed by size-selection 

techniques such as PAGE, or HPLC however these purification steps add extra 

cost that would impact large orders of oligonucleotides. A point that is relevant 

to Chapter 4.  

1.4.4 Library preparation techniques 
To enable a high quality screening campaign of a library of variants, it is first 

required to make that library. Many different sources of variation generation can 

be used for target genes; random substitution, site-saturation, indels, chimeras. 

It is also possible to either generate fully synthetic libraries with large diversity, 

or to source variation from natural sources (e.g. metagenomics, immune 

system).  

 Within the field of antibody discovery, a movement towards screening 
libraries made from fully human immune response repertoires can be seen. The 

movement is largely backed by the idea that sequences within the primary 

human immune response repertoire should be; enriched for high affinity binders 

(due to in vivo affinity maturation via somatic hypermutation), and depleted of 

non-specific or immunogenic binders. Recent advances to the quality of primary 

immune libraries has been aided by droplet-based microfluidics. IgG antibodies 

are heterodimers, and thus their two constituent monomers (heavy and light 

chain) are encoded by separate genes. The native pairing of these is important, 

as they have undergone co-selection, and likely exhibit significant epistasis 

between the monomers. Bulk strategies to create a library from these 

sequences would result in loss of this native-pairing. Instead preparation of a 

library can now be done at the single cell level by compartmentalisation of 

single cells in droplets alongside genotype amplification/assembly components 

[65,66]. Microfluidic droplet-based screening of primary immune cells has also 

been shown, alongside other high-throughput techniques such as nanopens 
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[39,40]. These libraries will likely be highly useful for the future of antibody 

discovery.  

 Synthetic libraries can however still be of great interest and smart 

strategies for both library design and construction are key to this. Synthetic 

randomisation of natural scaffolds, for instance at the CDR loops of antibodies, 

is regularly used for both affinity maturation, and paratope prediction. The 

diversity introduced can be precisely controlled, and based upon existing 

information enabling semi-rational library designs. Due to the desire to exhibit 

great control over library construction it is of great importance to reduce any 

potential biases arising from the molecular construction of the library. An 

example of bias reduction can be seen in the generation of diversity at specific 

residues in a known gene, (site-saturation), as discussed in Table 2. A balance 

must be found between library size, production cost, and desired balance. 

Ideally oligonucleotides specifically encoding the desired codons at each 

position would be ordered, thus avoiding the inclusion of stop codons, and 

creating a perfectly balanced library at the amino acid level, (with the 

assumption that only the most common codon for each amino acid would be 

ordered). Ordering defined oligonucleotides is however limited by cost, and the 

fact that synonymous mutations can also have an effect on a protein [67]. Even 

after accounting for the source of variation, the physical preparation can also 

introduce bias, e.g. PCR efficiency affected by GC content [68]. Techniques to 

minimise these effects include droplet-based compartmentalisation of single 

library molecules, although this is limited by the number of compartments 

possible [69]. Other strategies that do not involve amplification are very 

attractive, as no amplification bias can be introduced. Strategies based on 

combinatorial ligation of gene fragments, such as golden gate have proved 

useful [70].  
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Approach 
Oligonucleotides 

required 

Number 
of 

codons 

Number of 
amino 
acids 

Number of 
stop 

codons 

NNN 1 64 20 3 

NNK 1 32 20 1 

NDT 1 12 12 0 

22 codon-trick 

[71] 
3 22 20 0 

Defined 
oligonucleotides 

20 20 20 0 

Table 2 Library size and bias are greatly affected by the source of variation used. 

  

As discussed in Table 1 many different screening technologies exist, notably 

differing in their throughput. Throughput is generally limited at the 

transformation step for in vivo platforms, as the efficiency of monoclonal 

genotype delivery is significantly less than 100% of available library DNA 

molecules. For instance even the most efficient of E. coli transformations yield 

only 3 x 1010 transformants per ug pUC19 DNA (advertised for MegaX DH10B 

T1R Electrocomp™ Cells [41]). The recommended protocol suggests 

transforming 10 pg of DNA per standard vial of cells, (which would cost £45), to 

achieve high efficiency transformation. 10 pg of DNA at this efficiency would 

yield a library size of only ~3 x 105. Library size is thus constrained, as it is both 

difficult to scale up the in vitro library preparation steps, and the number of cells 

used for transformation, (either due to the cost of purchasing commercial cells, 

or the number of transformations that feasibly can be done by a researcher). 

The constraint on library size is further confounded by other factors reducing 

transformation efficiency; the non-supercoiled format of a plasmid prepared via 

ligation, the larger size of plasmids in an actual library, and the genotype of the 

cells typically used for expression (e.g. BL21-DE3). Thus screening 

technologies that require no transformation of library can operate at far higher 

throughputs, for instance ribosome display can screen ~1014 variants. As shown 

in Table 1, there exist multiple monovalent formats compatible with in vitro 

expression, but only one megavalent system. The megavalent format, BeSD, is 
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analysed in this thesis, and used as a theoretical scaffold for the development 

of polyacrylamide hydrogel bead display. Compatibility with in vitro library 

preparation, and different approaches to achieving that, function as central 

tenets of the technology development.  
 

1.4.5 Protein tags useful for modular assembly 
 

Genetic fusion of proteins of interest to protein or peptide tags is now a routine 

tool in molecular biology. They can be used in the most basic form as 

purification handles so that a protein of interest can be expressed recombinantly 

and then purified from crude cell extract via the specific interaction of the fused 

tag with an immobilised partner; a notable example being the His-tag and Nickel 

ions in Immobilised Metal Affinity Chromatography. More advanced uses 

include identifying the cellular localisation of a protein of interest by fusion to an 

epitope tag and detection with a labelled antibody; for instance the HA-tag and 

anti-HA tag antibodies, or fusion to a natively fluorescent protein such as GFP 

for live-cell imaging. Advances on this front have also enabled ultra-high 

resolution techniques such as STORM and PALM for single-molecule resolution 

localisation studies [72]. Beyond just localisation of a protein of interest it is also 

of use to identify the other cellular proteins that a protein of interest interacts 

with, enabled by the use of co-immunoprecipitation for example. Interactions 

between defined proteins in vivo are also of great interest, with the use of split 

fluorescent molecules such as split GFP [73], or the use of FRET partners 

allowing elucidation of when and where specific interactions occur. 

 

Recent developments within the field of fusion tags have created tags that can 

form specific, covalent bonds with defined partners. Of note to this work are the 

protein tags SNAP, and Halo that form covalent bonds with the small molecules 

Benzyl guanine (BG) and chloroalkane respectively, and SpyCatcher that forms 

a covalent bond with the peptide SpyTag. SNAP-tag is based upon O6-

alkylguanine-DNA alkyltransferase, which is involved in DNA repair by 

recognising alkylated guanine [74]. The SNAP-tag transfers an alkyl group from 
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a BG substrate irreversibly to a cysteine within the protein. Halo tag is based 

upon a bacterial haloalkane dehalogenase that normally functions to remove 

the halide from a halide hydrocarbon in a two-step mechanism [75]. A covalent 

intermediate is first formed, that is then degraded by base-mediated hydrolysis 

to regenerate the enzyme and release the hydrocarbon. Mutation of the amino 

acid (Histidine) responsible for the base-mediated hydrolysis results in the Halo-

tag that remains covalently bound to the halide hydrocarbon (e.g. 

chloroalkane).The SpyCatcher-SpyTag pair are derived from a domain of the 

Fibronectin-binding protein FbaB from Streptococcus pyogenes [76]. This 

domain forms a spontaneous isopeptide bond, and engineering of it allowed the 

two relevant residues (Lys and Asp) to be separated into two separate tags 

(SpyCatcher, and SpyTag), that upon mixing still form the spontaneous 

isopeptide bond. By genetically fusing these tags to separate proteins, defined 

constructions can be made as will be discussed in this work. Further work has 

created variants with superior kinetics of bond formation, (SpyCatcher and 

SpyTag 2.0) [77]. Engineering of the RrgA adhesin from Streptococcus 

pneumoniae has also enabled the creation of an orthogonal pair (SnpCatcher 

and SnpTag) that show no cross-reactivity with the SpyCatcher/SpyTag pair 

[78].  

 

Controlled protein cleavage is now a routine molecular biology tool through the 

inclusion of a specific protease site in a protein construct. Addition of the 

appropriate protease will result in cleavage of the peptide backbone at a defined 

position. New developments have led to scarless proteases, (in a similar vein to 

Type IIS scarless restriction endonucleases), that cut the peptide backbone 

outside of their own recognition sequence, thus enabling the release an entirely 

native protein devoid of heterologous tags. Outside of proteases, the 

development of a photocleavable protein, (PhoCl), that breaks its own peptide 

backbone at a specific residue upon exposure to light of a specific wavelength 

is of great interest and potential utility [79]. PhoCl is a derivative of mMaple that 

was circularly permuted such that a short C-terminal peptide sequence would 

be created upon peptide backbone breakage. The C-terminal peptide sequence 

readily dissociates from the parental molecule, releasing any attached protein. 

PhoCl has been verified in the context of controlling protein localisation in vivo 



Polyacrylamide hydrogel bead display for ultra-high throughput screening and evolution of 
therapeutic proteins 

 

(Attachment to and release of Nuclear Exclusion Signals or Nuclear Localisation 

Signals from fluorescent proteins), and subsequently, gene expression 

(Attachment to and release of Nuclear Exclusion Signals or Nuclear Localisation 

Signals from transcription factors).  

 

1.5 Desirable features of a synthetic display system 
 

There is a clear need for a robust, flexible, facile ultra-high throughput 

phenotypic screening platform. Compatibility with droplet microfluidics is 

essential, however this also requires some criteria to be fulfilled: robust 

genotype:phenotype linkage as an example. Thus, an in vitro, highly modular, 

stable and controllable system is required. This thesis sets out the technology 

development of such a system, and its use in various screening modalities 

ranging from simplified protein capture to the ultra-high throughput 

genotype:phenotype linked display of proteins on polyacrylamide hydrogel 

beads. Compatibility with the display of scFv molecules, DARPins and the 

screening of antimicrobial peptides is shown.  
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2 Polyacrylamide hydrogel bead display: 
characterisation and technology development 

In this section I will analyse in vitro magnetic bead based protein display, 

(BeSD), for compatibility with ultra-high throughput droplet-based assays. 

Subsequently I detail the development of a new in vitro genotype:phenotype 

linked display system, polyacrylamide hydrogel bead display (PHD), compatible 

with ultra-high throughput droplet-based assays. Covalent display of up to 2.8 x 

108 protein molecules per bead is established, with a lower limit of detection of 

5000 molecules per bead. Genotype linkage to the beads is also established, 

alongside subsequent in vitro expression of the genotype and capture of the 

encoded protein. High compatibility of the PHD beads with microfluidics is 

shown, circumventing the Poisson distribution, by the encapsulation of one 

bead per droplet at an efficiency of ~100%.  

 

2.1 Introduction 

2.2 Results and discussion 

2.2.1 Analysis of magnetic bead surface display as a platform for ultra-high 
throughput phenotypic screening 

 

Previous work had developed the genotype:phenotype linked display of proteins 

on the surface of streptavidin-coated magnetic beads (BeSD) as overviewed in 

Figure 3 [37,38]. BeSD utilised polydisperse emulsion PCR with biotinylated 
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primers to amplify individual library members in compartments, and capture the 

produced amplicons on the co-encapsulated bead via a biotin-streptavidin 

linkage. These beads could then be collected, washed, and encapsulated with 

an in vitro transcription translation (IVTT) kit for expression of the encoded 

proteins. These encoded proteins were expressed as fusions to the SNAP-tag, 

thus allowing capture on bead by pre-immobilised benzyl guanine conjugated 

DNA molecules. The initial aim of this project was to co-encapsulate these 

magnetic beads displaying a library of pro-apoptotic scFv molecules (previously 

discovered via phage display, and plate-based functional screening) [80] with 

cancer cells in microfluidic droplets and to screen for the induction of apoptosis. 

This would require the functional display of pro-apoptotic scFvs, robust 

genotype:phenotype linkage, and facile compatibility with microfluidic workflows.  

 
Figure 3 Magnetic bead surface display.The DNA for a library of variants, each genetically 
fused to a capture tag is diluted with magnetic beads coated with streptavidin, and PCR mix so 
that, as per the Poisson distribution, one droplet should contain a maximum of one DNA 
molecule. This mixture is then emulsified, and emPCR, is carried out to monoclonally amplify 
the DNA in each droplet. DNA molecules are physically attached to beads by biotin-modified 
primers. Beads are then de-emulsified, and washed to remove unbound DNA, and PCR mix. 
Protein capture moieties are then added. Beads are then diluted as per the Poisson distribution 
again to ensure a maximum of one bead per droplet and emulsified with in vitro transcription 
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and translation (IVTT) mix. emIVTT is carried out, and the expressed proteins immobilised on 
bead by the chosen capture anchor specific to the chosen fusion tag. Beads are de-emulsified 
again, and washed to remove any unbound protein and IVTT, mix. Beads are then co-
encapsulated with cells, with the reagents for a desired fluorescent assay, and hits sorted for by 
FACS. Hits are collected, and recovery PCR carried out to recover their genotype. Further 
rounds of the cycle can be carried out with more variation introduced by error-prone PCR, or 
instead hits further analysed. 

 

2.2.1.1 Fusion of scFv to SpyTag enables induction of apoptosis by on-bead 
protein 

 

Despite previous work having been carried out on this workflow, functional 

display of scFvs [38] had only been demonstrated for antigen binding and not 

for interaction with a cellular receptor and the subsequent induction of a desired 

phenotype. Thus it was necessary to identify conditions that enabled in vitro 

expressed, bead-displayed scFvs to induce apoptosis in cancer cells. A positive 

control antibody (3B04) was used as both a purified IgG, and reformatted as the 

genotype for scFv expression. A negative control scFv (CEA6) is also used. 

Three conditions were tested differing in the protein tag used to link the scFvs to 

the beads as these can affect both functional expression yield, and sterics of 

display. SNAP-tag:scFv, scFv:SpyTag and scFv:SpyCatcher fusions were all 

expressed in bulk IVTT reactions and captured on benzyl guanine, SpyCatcher, 

or SpyTag functionalised beads respectively. These beads were then incubated 

with HeLa cancer cells, and the induction of apoptosis measured after 2 hours 

by the addition of CaspaseGlo reagent (measuring the activation of Caspases 

3/7 as indicators of apoptosis). As can be seen in Figure 4 only 3B04:SpyTag 

fusion is suitable for the induction of apoptosis, achieving the same effect as 

bead-displayed IgG. The fact that SpyTag fused scFv is capable of inducing 

apoptosis, and SpyCatcher fused scFv is not suggests that the issue lies with 

functional expression yield rather than any steric effect. Both fusions utilise the 

same combination of elements to display the scFv, thus the final construct on 

bead is likely very similar in orientation and steric availability. The negative 

impact of SpyCatcher and SNAP-tag on functional scFv yield can be 

understood in the context of expression conditions within the IVTT reaction, 

which are optimised for disulphide-bond formation and the correct folding of 

scFv molecules, and not the correct folding of either SNAP-tag or SpyCatcher. 



Polyacrylamide hydrogel bead display for ultra-high throughput screening and evolution of 
therapeutic proteins 

 

SpyTag being a minimal peptide tag of only 13 amino acids does not appear to 

require specific conditions for functionality and is also less likely to interfere with 

the correct folding of its fusion partner than the significantly larger SNAP-tag or 

SpyCatcher.  

 

 
Figure 4: Induction of apoptosis by bead-mounted scFv constructs. All beads were counted on 
a haemocytometer to confirm concentrations, conjugated to their respective capture moieties, 
(Protein A for IgG, SpyCatcher for SpyTag, SpyTag for SpyCatcher, and BG-labelled spiking 
anchors for SNAP- tag), and incubated with the indicated antibody constructs for two hours with 
rolling. Beads were incubated with cells, 1:10, for two hours at 37 oC in the presence of 
Cycloheximide, (CHX), (33 µg/mL). CaspaseGlo reagent was added, and left with the cells for 1 
hour at R.T. in the dark. Supernatant was transferred to a Costar plate and luminescence read 
on FLUOstar OPTIMA; BMG. The average is shown with standard deviations all normalised to 
CHX alone. Indicated scFv constructs, (O/N 100 µL IVTT), were each incubated with 1.4 e6 
beads coupled to their respective capture moieties (for 4.66 e5 beads per reading). 4 nM 3B04 
IgG was also incubated with 1.4 e6 Protein A coupled beads, (4.66 e5 beads per reading) and 
included as a positive control. (+) and (-) represent treatment with or without ribosomal protein 
dissociation buffer. Readings were made in triplicate, and the average is shown with standard 
deviations all normalised to CHX alone 

2.2.1.2 Genotype linkage to magnetic bead is disrupted by IVTT mix 
 

After the development of functional scFv display on bead it was then necessary 

to test the robustness of genotype:phenotype linkage. scFv encoding DNA was 

amplified with a biotinylated primer, and attached to streptavidin coated 

0

1

2

3

4

5

6

7

8

9

3B04 3B04 (-) 3B04 (+) CEA6 3B04 CEA6 3B04 CEA6

IgG SpyTag SNAP-Tag SpyCatcher

Ap
op

to
sis

 i
nd

uc
tio

n
Av

er
ag

e 
Lu

m
in

es
ce

nc
e 

(a
.u

. x
 1

03 )



Polyacrylamide hydrogel bead display: characterisation and technology development 

 27 

magnetic beads at high concentration using a crowding reagent. Stability of this 

linkage was then tested by exposure to workflow conditions. Most notably, the 

linkage between genotype and the bead is severely disrupted by the IVTT 

mixture, (Figure 5). Only 7.15 % of initially immobilised DNA remains on the 

beads after a 5 minute incubation with the IVTT mixture. Whilst loss of bead-

DNA linkage would not present an issue for the expression of the phenotype 

within each droplet it does create a significant risk of cross-contamination of 

genotype upon de-emulsification. Cross-contamination of genotype between 

beads would negatively affect the possible enrichment of genotypes of interest. 

Loss of DNA from the beads also affects genotype recovery after sorting as 

fewer DNA molecules are present on bead to be recovered. This DNA loss 

would exacerbate an already extant problem of low copy number of gene-length 

DNA (>1 kb) per bead after emulsion PCR, for instance only 5600 copies of a 

1120 bp gene per bead is reported in [37], and a marked efficiency loss is seen 

when amplifying fragments >450 bp in [81].  

Two of the most obvious sources of genotype loss would be disruption of the 

linkage between DNA and bead, or cleavage of the DNA itself through nuclease 

activity. The IVTT mix used is a purified recombinant solution, that should be 

devoid of any nuclease activity, thus the linkage between bead and DNA was 

investigated first. A possible solution is to covalently capture the genotype on 

bead via the use of DBCO-modified oligonucleotides that will covalently react 

with azide-modified magnetic beads. DNA was thus amplified with a DBCO-

oligonucleotide, and captured on azide-modified magnetic beads (Gift of 

Michael Herger) via the copper-free click reaction [82]. These DBCO-linked 

DNA-coated beads were then tested for genotype linkage stability in IVTT, as 

described for biotin-linked DNA coated beads previously. Whilst DBCO linkage 

does appear to prevent the loss of DNA from bead due to exposure to the IVTT 

mixture (Figure 5), the initial loading capacity is lower compared to biotin-linked 

DNA-coated beads. Use of DBCO-linkage as a solution to genotype-linkage 

stability would also require the covalent immobilisation of PCR primers on 

beads, and the subsequent immobilisation of full-length genotype via 

polymerase extension in emulsion PCR. It is reported in the literature that 

extension from immobilised primers is very inefficient due to steric hinderance, 
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and electrostatic repulsion between DNA molecules [83]. Thus, the use of 

immobilised oligonucleotides is not feasible within the context of this workflow.  

 As mentioned previously, the aim of this project was to co-encapsulate 

magnetic beads with cells in microfluidic droplets, thus enabling ultra-high 

throughput phenotypic screening. However, upon the use of magnetic beads 

within a microfluidic context extra issues were also identified. Notably the beads 

tended to sediment within the microfluidic channels over time, affecting the 

distribution of beads into droplets. Bead sedimentation also led to frequent 

blockages of the microfluidic channels, making experimental workflows 

extremely difficult as constant supervision is required to remedy any issues. On 

top of this is the fact that the Poisson distribution must be accounted for when 

co-compartmentalising with cells. If a lambda value of 0.1 is used and 10 million 

droplets are made, then only 10% of these will contain a cell, and only 10% of 

those will also contain a bead. Of these 100,000 paired bead:cell droplets, only 

10% of the beads will be functionalised, resulting in a library of only 10,000 

being screened. Whilst this is an improvement upon traditional microtitre-plate 

based workflows, it is not a particularly significant one considering the 

associated issues and difficulties of the entire workflow. Solutions to these 

problems could potentially be found, for instance alternative genotype 

immobilisation techniques could be used/developed and buoyancy matching 

solutions could be used to reduce sedimentation of magnetic beads within 

microfluidic channels. However, considering the work that would be required 

and the hard limitations of the platform (e.g. the Poisson distribution of beads 

into droplets), it was decided to entirely redesign the workflow and develop a 

new in vitro display platform that incorporates stable, megavalent protein 

display, robust genotype linkage, and microfluidic compatibility as core 

elements.  
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Figure 5: Components of the in vitro expression reaction cause DNA to be released from bead. 
Gene-length DNA was immobilised by either the interaction between biotinylated DNA and 
streptavidin modified beads, or the covalent reaction between DBCO-modified DNA and azide-
modified beads. After DNA immobilisation beads were incubated either in IVTT mix for 5 
minutes at 37 oC (post) or left untreated (pre). After incubation, beads were washed, and the 
remaining DNA quantified by qPCR. All data was acquired in quadruplicate, the horizontal lines 
indicate the mean DNA copy number per bead. qPCR was carried out using Corbett RotorGene 
6000, and data analysed with the supplied software.  

 

2.2.2 Establishment of polyacrylamide hydrogel beads for ultra-high throughput 
genotype:phenotype linked protein display 

 

Due to the aforementioned issues with the use of magnetic beads it was 

decided to design an entirely new in vitro display platform. Stable, megavalent 

protein display, robust genotype linkage, and microfluidic compatibility were 

essential criteria when designing this new platform. Polyacrylamide hydrogel 

beads have already been shown to be highly compatible with droplet 

microfluidics through their use in single-cell transcriptomic workflows, (see: 

InDrop [59,60], 10x Genomics [84]). The elastic properties of these hydrogel 

beads enable their close-packing on a microfluidic chip and subsequent single 

bead per droplet encapsulation efficiencies [58]. In these workflows the 

hydrogel beads are used to deliver barcoded oligonucleotides to single cells, 

that are then used to tag every transcript from one single cell in a reverse 

transcription step for subsequent next-generation sequencing and bioinformatic 
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deconvolution. The oligonucleotides are robustly linked to the hydrogel beads 

by a covalent bond between an acrydite modification at their 5’ end becoming 

co-polymerised in the polyacrylamide hydrogel matrix during bead formation 

Figure 6a, c). However, these barcoded oligonucleotides are of limited length, 

(<100 b), far short of a typical gene (e.g. scFv ~1kb) thus, it was necessary to 

develop a genotype linkage method that would enable full-length genes to be 

immobilised on the beads robustly. It was further required to also develop a 

method of capturing the encoded proteins (the phenotype) on the same beads 

as the gene encoding them (the genotype) in a stable, megavalent manner. 

Whilst protein capture via co-polymerisation or molecular imprinting has been 

shown these are not suited to library-based directed evolution experiments 

where both genotype and phenotype must be linked to enable recovery of hits, 

due to the incompatibility of pre-immobilised proteins with subsequent steps 

such as PCR (thermocycling would denature pre-immobilised proteins unless 

highly thermostable) that could be used for linking genotype to the beads 

[85,86]. Thus, a covalent linkage that is stable, functionalisable when desired, 

and compatible with megavalencies was required. Once stable protein display 

was demonstrated, it was necessary to then confirm the ability to add gene-

length DNA to the beads and the subsequent expression and capture of the 

encoded phenotype.  

 

2.2.2.1 Polyacrylamide hydrogel bead formation and development of functional 
covalent protein display 

 

Polyacrylamide hydrogel beads can be made in a simple manner by 

encapsulating the unpolymerized components in monodisperse aqueous-in-oil 

droplets and allowing the polymerisation reaction to occur (Figure 6b, Methods 

6.3). To maximise the throughput of the system droplet diameter was reduced 

from ~65 μm to 20 μm (versus inDrop [59]), allowing for production at 11.1 kHz 

(producing ~ 4 x 107 beads per hour). To enable covalent protein capture it was 

decided to base the system around capturing SNAP-tagged or Halo-tagged 

proteins. These tags are proteins that covalently react with benzyl guanine and 

chloroalkane respectively. These are both stable small molecules that have 
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been used extensively in other studies, however no method existed of 

incorporating them covalently into polyacrylamide hydrogel matrices. To 

achieve covalent incorporation, amine linked derivatives of benzyl guanine and 

chloroalkane were purchased and incubated with methacrylate-NHS to produce 

methacrylate-PEG-benzyl guanine and methyacrylate-PEG-chloroalkane 

(Figure 6a and Methods 6.3). These molecules, alongside others such as 

acrydite-modified oligonucleotides (purchasable from IDTDNA), are then stably 

co-polymerised into the hydrogel matrix during bead formation and can act as 

substrates for the SNAP-tag, or the Halo-tag, which can be genetically fused to 

proteins of interest (POI) (Figure 6c).  

 
Figure 6 Polyacrylamide hydrogel bead formation and functionalisation.(a) Benzyl guanine, and 
chloroalkane can both be modified to include methacrylate moieties. Acrydite-modified 
oligonucleotides can be purchased from IDTDNA. (b) Polyacrylamide hydrogel beads are made 
by encapsulating unpolymerized mixture on a microfluidic chip. Scale bar represents 50 μm (c) 
Methacrylate and acrydite modified molecules are co-polymerised in polyacrylamide hydrogel 
beads during formation, as shown in brackets. Oligonucleotides are accessible, and BG can act 
as a substrate for the SNAP-tag fused to a POI.  

To confirm the incorporation of benzyl guanine into the hydrogel bead matrices, 

and the compatibility of this with protein display, two SNAP-fusion proteins were 

tested for capture on bead (SNAP-SpyCatcher, and SNAP-Protein G) (Figure 

7d,e). SpyCatcher has previously proven to be a robust capture molecule for 

POI-SpyTag fusions (Figure 4). To visualise protein display, beads previously 
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incubated with or without SNAP-SpyCatcher were incubated with GFP-SpyTag, 

allowing fluorescent detection via microscopy (Figure 7a, left image) or FACS 

(Figure 7b, top plot). Protein capture on bead appears to be homogeneous, and 

specific (Figure 7a). FACS analysis of the GFP-SpyT incubated beads showed 

protein capture with a greater than 5000-fold signal over background (Figure 7b, 

top plot). Protein capture also appeared to be stable over time, (incubated at 

10oC for 9 days) shown by median fluorescence remaining at ~95 % of Day 1 

intensity (Figure 7b, top plot). Due to the volumetric nature of capture versus 

previous surface capture techniques, diffusion through the polyacrylamide 

hydrogel matrix could be an issue with larger proteins of interest. Thus, an 

iFluor-647 labelled monoclonal antibody in the IgG format (~150 kDa) was 

incubated with beads previously incubated with or without SNAP-Protein G. 

Protein G binds the Fc region of IgG molecules. As shown in Figure 7a, (right 

image) binding of the larger IgG molecule also appears to be homogenous. 

FACS analysis of IgG functionalised PHD beads showed a >40,000 fold signal 

over background (Figure 7b, bottom plot). The homogenous binding, and strong 

signal over background suggests that IgG molecules are efficiently captured on 

PHD beads.  
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Figure 7 Polyacrylamide hydrogel bead formation and functional protein display. (a) 
Fluorescent images of GFP-SpyT captured on bead (left image), and anti-HA iFluor 647 IgG 
captured on bead (right image). Beads for GFP capture were incubated +/- SNAP-SpyCatcher 
for >1 hour, washed and then incubated with GFP-SpyTag also for >1 hour. Beads for IgG 
capture were incubated +/- SNAP-Protein G for >1 hour, washed and then incubated with an 
anti-HA iFluor 647 conjugated IgG antibody also for >1 hour. Scale bars indicate 100 μm. (b). 
FACS analysis of GFP-SpyT captured on bead (top plot), and anti-HA iFluor 647 IgG captured 
on bead (bottom plot). The GFP beads were analysed again after 9 days (dotted green line, 
GFP (+) 9 days) for stability analysis compared to day 1 (GFP (+). FACS analysis was carried 
out on Cytek DxP8, and fluorescent microscopy on Evos FL microscope.  

2.2.2.2 More than 100 million molecules can be displayed per bead, and 
detected across a dynamic range of 5 orders of magnitude. 

 

As the hydrogel beads can bind proteins in a volume, rather than solely on a 

surface, their capacity should be very high. To quantify the protein binding 

capacity two bead populations were formed at 50 μM and 500 μM benzyl 
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guanine each. A single PHD bead of diameter 20 μm has a volume of 4.19 pL. 

Thus, 50 μM and 500 μM beads are estimated to contain 1.2 x 108 and 1.2 x 

109 potential binding sites per bead respectively (calculated as below). 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	 × 	𝑣𝑜𝑙𝑢𝑚𝑒	 = 𝑚𝑜𝑙𝑒𝑠 

𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜$𝑠	𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡:	6	 × 	10%&	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙 

To confirm that the mega-gigavalency of benzyl guanine molecules translated 
into actual protein capture of a similar magnitude, both 50 μM and 500 μM BG 

beads were incubated with or without SNAP-SpyCatcher (being in vast excess 

to achieve maximal bead loading). Subsequently these beads were incubated 

with a titration series of GFP-SpyTag at defined numbers of molecules per bead 

and left to react overnight. These beads can then be analysed by FACS to 

identify the lowest concentration after which no further increase in fluorescence 

is observed despite adding more GFP-SpyTag (Figure 8a). Loss of linearity in 

the relationship between GFP-SpyTag amount and fluorescence indicates that 

saturation of the beads has been achieved. Analysis of this data is shown in 

Table 3. 50 μM, and 500 μM BG PHD beads show saturation at 2.8 x 107 and 

2.8 x 108 GFP molecules per bead respectively, indicating achievement of 

megavalency. It should be noted that the apparent valencies are 23.3% of the 

calculated benzyl guanine concentration per bead. This could be attributed to a 

number of sources, e.g. incomplete formation of methacrylate-PEG-benzyl 

guanine, incomplete polymerisation of the methacrylate-PEG-benzyl guanine 

during bead formation or contaminating free SNAP-tag in the SNAP-SpyCatcher 

preparation. The relationship between BG concentration, and protein capture 

amount appears to be linear (Table 3) suggesting that incorporation of BG at 

defined concentrations can be used to tailor protein display valency as desired.  

 Whilst ultra-high valencies can be achieved, it is also of interest to 

examine the lower end of detectable protein binding. For this, beads (+/- SNAP-

SpyCatcher) incubated with only 5000 GFP molecules per bead were analysed 

with a higher gain in FACS, (Figure 8b). Even at this low protein amount, an 

8.8-fold signal over background could be achieved. Thus, a dynamic range of 

detectable protein capture across 5 orders of magnitude can be achieved with 

this system (from 5 x 103 – 2.8 x 108 GFP molecules per bead). This dynamic 

range becomes very relevant when considering binder discovery/evolution 
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workflows. For instance one can imagine a scenario in which a desired target is 

‘difficult’ and binders against it are of low affinity (e.g. micromolar affinity). To 

discover and efficiently recover these binders one could either use a large 

amount of antigen so that the number of occupied binder molecules was high 

enough to detect with FACS, or use a system in which at a reasonable antigen 

concentration enough binder molecules were still occupied by antigen despite 

the antigen concentration being below the Kd of the binder. As shown here, only 

0.0018% of the possible binding sites need to be occupied to give a detectable 

signal over background, thus suggesting binders can still be discovered even if 

the antigen concentration used is significantly below their actual affinity. This 

assumes two things however, a) that a single bead is saturated by the binder 

molecule and b) that the detection fluorescence is as strong as that of GFP.  
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Figure 8 Proteins can be captured and displayed at ultra-high valency (a) FACS analysis of 
three different bead populations (from top to bottom: 50 μM Benzyl Guanine -/+ SNAP 
SpyCatcher, and 500 μM Benzyl Guanine + SNAP SpyCatcher) incubated with a dilution series 
of GFP from 5e3-1e10 molecules per bead (b) Representation of the FACS data normalised to 
the negative controls. The red square indicates the sample retested with higher gain in (c) All 
data acquired on Becton Dickinson Cytek DxP8, analysed with FlowJo, and KaleidaGraph.  

 

Sample Linear region 
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2.2.2.3 Polyacrylamide hydrogel beads can be functionalised with proteins 
orthogonally, and in multiple orientations 

 

An extra feature of this display platform is the ability to utilise orthogonal protein 

capture systems, and for this orthogonality to be precisely controllable via the 

input of a desired concentration of capture reagents. As shown in Figure 6a 

methacrylate-PEG-chloroalkane, the substrate for covalent immobilisation of 

Halo-tagged proteins, can also be co-polymerised into polyacrylamide hydrogel 

beads alongside methacrylate-PEG-benzyl guanine. The Halo-tag can be 

expressed as a fusion to desired proteins in the same manner as the SNAP-tag 

through in-frame cloning. Here Halo-tag has been expressed as a fusion to 

SnpCatcher, which reacts covalently with the minimal peptide tag SnpTag in an 

analogous, yet orthogonal manner to the SpyCatcher:SpyTag pair. Four bead 

populations were made: negative for both Halo-SnpCatcher and SNAP-

SpyCatcher (red), positive for either Halo-SnpCatcher (blue) or SNAP-

SpyCatcher (orange), and positive for both (green) (as shown in Figure 9a). 

These populations were then incubated with mCherry-SpyTag and GFP-

SnpTag together, and analysed for protein capture by FACS. As seen in Figure 

9a, beads only capture the appropriately tagged proteins, and can capture both 

SnpTagged and SpyTagged protein simultaneously if previously functionalised 

with both Halo-SnpCatcher and SNAP-SpyCatcher.  

 The flexibility of this system is also demonstrated in Figure 9b in which 
the orientation of the SpyCatcher:SpyTag pair has been reversed. Either Halo-

SpyTag or SNAP-SpyTag has been captured on the beads, which have 

subsequently been incubated with GFP-SpyCatcher. Both Halo-SpyTag and 

SNAP-SpyTag are capable of capturing GFP-SpyCatcher on bead, however at 

different efficiencies (Halo-SpyTag at ~200-fold signal over background, and 

SNAP-SpyTag at ~4000-fold signal over background). Thus, for future 

experiments, unless orthogonality is desired, SNAP-tagged capture moieties 

are used.  

 The role of orthogonal protein binding can be imagined in workflows in 

which one wishes to screen for the effect of a combination of different proteins, 

at controllable concentrations. For instance this could be the effect of binding 

two receptors on a cell surface at once. It can also be relevant to using the 
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beads as both a display platform, and a sensor for the outcome of the display of 

a desired protein, (as will be discussed in Chapter 4).  

 

 
Figure 9 Proteins can be displayed orthogonally, and with flexible orientation of covalent 
interaction partners (a) FACS analysis of four bead populations: Negative beads without either 
HaloSnpCatcher or SNAPSpyCatcher (red), beads with SNAPSpyCatcher only (orange), beads 
with HaloSnpCatcher and SNAPSpyCatcher (green), and beads with HaloSnpCatcher only 
(blue). All incubated with mCherry SpyT and GFP SnpT (b) FACS analysis of three bead 
populations (from left to right): Negative beads without either SNAPSpyT or HaloSpyT (grey), 
beads with HaloSpyT (blue) and beads with SNAPSpyT (orange). All incubated with 
GFPSpyCatcher. 
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2.2.2.4 Polyacrylamide hydrogel beads can be functionalised with gene-length 
DNA  

 

Whilst the addition of short DNA sequences to co-polymerised oligonucleotides 

in polyacrylamide beads has already been demonstrated, the addition of gene-

length sequences (>1 kb) has not [59]. The addition of gene-length DNA is a 

fundamental requirement for a new display platform, as genotype:phenotype 

linkage is required for directed evolution or discovery experiments. PCR based 

amplification of DNA on to polyacrylamide beads would be an attractive option 

due to its conceptual and practical simplicity [62]. As such an acrydite-modified 

oligonucleotide compatible with use as a reverse primer for the amplification of 

in vitro expression constructs was designed (Figure 10a). Polyacrylamide 

hydrogel beads functionalised with this primer were made, and co-

polymerisation of the primer tested by use of a FISH probe complementary to 

the designed sequence, (Figure 10b). FACS analysis showed that the 

oligonucleotide had been incorporated at high efficiency. These oligonucleotide-

functionalised PHD beads were then used as the reverse primer component of 

PCR using three different polymerases, five different cycle numbers and two 

different template formats (Figure 10c). Addition of template DNA to the beads 

was measured by the use of a template-specific FISH probe. It was found that 

both Titanium Taq and Q5 DNA polymerase were suitable for amplifying DNA 

on to the beads. Interestingly, a marked difference was seen between using 

linear template DNA versus plasmid template DNA even though the molar 

amount of target DNA is kept constant. This disparity suggests that there is 

some size effect present, an observation supported by the comparison of 

amplifying a short fragment or the full-length of a linear template DNA molecule 

on to bead (Figure 10d). The shorter fragment is amplified with 51-fold greater 

efficiency by Titanium Taq polymerase, and 29-fold greater efficiency by Q5 

DNA polymerase than the long template despite only being 7.5-fold shorter 

(Figure 10d). This size effect likely arises from the pore size of the 

polyacrylamide hydrogel limiting accessibility to the co-polymerised 

oligonucleotides. 
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Figure 10: PCR-based amplification of DNA on to polyacrylamide hydrogel beads via co-
polymerised reverse primer oligonucleotides. (a) Acrydite-modified oligonucleotides are co-
polymerised into polyacrylamide hydrogel beads during formation. These can be used as 
traditional primers in PCR. (b) Modified oligonucleotides are co-polymerised at high valency, 
and readily detectable via sequence-specific FISH probes. Here hydrogel beads negative or 
positive for co-polymerisation of the designed primer are probed with a Cy5 conjugated FISH 
probe, washed, and analysed via FACS. (c) PCR amplification of template onto 1 x 105 beads 
for each condition is tested with three different polymerases, for the indicated number of cycles, 
with circular plasmid template, linear template or no template. The molar amount of target DNA 
was kept constant between circular and linear templates. Melting temperatures for each 
polymerase were calculated using the online NEB Tm Calculator. Beads were washed and then 
probed with an amplicon specific FAM-conjugated oligonucleotide. (d) The effect of amplicon 
length on amplification yield was tested by using linear template, and a forward primer either 
167 base pairs from the reverse primer or a forward primer 1259 base pairs from the reverse 
primer. Two polymerases were tested as indicated. Beads were washed and then probed with 
an amplicon specific FAM-conjugated oligonucleotide. All FACS data was acquired on a Becton 
Dickinson Cytek DxP8.   

2.2.2.5 Benzyl guanine remains functional for protein capture after 
thermocycling 

As demonstrated in Figure 10, gene-length DNA can be added to 

polyacrylamide hydrogel beads by PCR. These beads will be used for the 

capture of the encoded protein, thus it is important to establish that they are still 

functional for protein capture after thermocycling. Here the stability of benzyl 

guanine throughout thermocycling and genotype addition is crucial. BG stability 

enables the beads to be functionalised with the SNAP-SpyCatcher capture 
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moiety after exposure to temperatures that would denature the protein had it 

been added prior to thermocycling. To test the stability of benzyl guanine, beads 

were subjected to 35 cycles of a standard PCR reaction, split in two and half 

functionalised with SNAP-SpyCatcher (Figure 11a). The same number of beads 

without thermocycling were also functionalised (Figure 11b), and then both were 

incubated with a dilution series of GFP-SpyTag overnight. As shown in Figure 

11, FACS analysis of these beads showed no differences in either maximum 

protein capture, or in background binding. 

 
Figure 11 Stability of benzyl guanine throughout thermocycling  Polyacrylamide hydrogel beads 
were either thermocycled (a) (35 cycles of a standard Taq PCR protocol), or used fresh from 
stock (b). Both sets of beads were split in two, with one half being functionalised with SNAP-
SpyCatcher (left FACS plots), and the other half left unfunctionalized (right FACS plots). 5 x 104 
beads per condition were incubated with a dilution series of GFPSpyT at indicated 
concentrations in 100 μl reactions overnight at room temperature with rotation. After washing, 
the beads were analysed by FACS for green fluorescence.  
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2.2.2.6 Polyacrylamide hydrogel beads can be used as a template for in vitro 
expression, and capture of encoded phenotype   

It was then necessary to test the compatibility of the bead-mounted DNA with in 

vitro expression, as it could be imagined that accessibility of the DNA to vital 

components such as T7 RNA polymerase could be impaired by the 

polyacrylamide hydrogel matrix of the bead. To test the compatibility, linear 

DNA, encoding for GFPSpyT, was immobilised on bead through the use of 

Titanium Taq and 35 cycles of PCR. Beads were then functionalised with 

SNAP-SpyCatcher enabling the capture of SpyTagged proteins within the in 

vitro expression reaction. These functionalised beads, and a negative control 

population without genotype addition, were then encapsulated on chip with IVTT 

mix. Successful expression of the genotype is shown in Figure 12. It should be 

noted that the green fluorescence within a droplet is concentrated to the beads. 

The localised fluorescence indicates highly efficient capture of the expressed 

GFP-SpyT molecules by the bead mounted SpyCatcher molecules. The green 

fluorescence shows some heterogeneity, perhaps caused by heterogenous 

genotype copy number per bead, or variations in the emIVTT droplet size. The 

relationship between genotype copy number and in vitro expression levels will 

be considered in Chapters 3 and 4.  

 

Figure 12 Emulsion in vitro expression of GFP from bead-mounted DNA. Two populations of 
beads were used for microfluidic droplet-based emulsion IVTT (+/- GFP SpyTag genotype) both 
functionalised with SNAP SpyCatcher. Genotype + beads exhibit strong green fluorescence. 
Genotype – beads are indicated with a white arrow. Images were acquired on an Evos FL 
microscope. Scale bar indicates 200 μm.  

emIVTT of GFP PCR beads with negative included
FACS
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2.2.2.7 On chip encapsulation efficiency of single 20 μm beads can reach 
100% 

 

A fundamental reason for redesigning the in vitro bead display system was to 

achieve facile compatibility with microfluidic workflows. At its simplest the desire 

was to reduce clogging of chips so that constant supervision was no longer 

required. Secondary to this desire was to reduce the impact of the Poisson 

distribution on the throughput of any workflow. Polyacrylamide hydrogel beads 

were chosen as they have previously been demonstrated to achieve ~100 % 

single bead per droplet encapsulation efficiencies, thus completely removing the 

Poisson distribution from impacting the throughput of any workflow. However, 

this had only been demonstrated with hydrogel beads 65 μm or 50 μm in 

diameter, significantly larger than the 20 μm diameter hydrogel beads used here 

[58,59]. As such it was necessary to establish that these diameter beads could 

also achieve high efficiency single bead per droplet encapsulation, as well as 

compatibility with in vitro expression of phenotype within each droplet. 

Encapsulation of beads at an efficiency of 100% due to close-packing on chip is 

shown in Figure 13. The efficiency of encapsulation is revisited throughout this 

thesis, as the size and monodispersity of the beads to encapsulate changes 

dependent upon library preparation approach. Figure 13 demonstrates beads 

being encapsulated from a single aqueous inlet, however in many workflows 

more than one inlet would be required. For instance emulsion IVTT would use a 

second inlet so as to ensure no expression can occur prior to droplet based 

compartmentalisation for genotype:phenotype linkage. The addition of a second 

inlet complicates chip design, and requires optimisation of flow rates to repeat 

the achievement of 100 % single bead per droplet encapsulation efficiencies.  
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Figure 13 Polyacrylamide beads are highly compatible with microfluidic workflows (a) Image of 
a flow-focussing chip used for the emulsification of single 20 μm hydrogel beads. Oil and bead 
flow are indicated with arrows. (b) 38 droplets in sequence were counted during emulsification, 
and the encapsulation of single beads (orange) compared to the expected frequency predicted 
by the Poisson distribution with a mean of one bead per droplet (grey).  

2.2.2.8 Particle-templated emulsification of 20 μm polyacrylamide hydrogel 
beads 

 

Polyacrylamide hydrogel beads have previously found use for ‘particle-

templated emulsification’, in which hydrogel beads are soaked in a desired 

assay reagent, and then vortexed in oil to create water-in-oil droplets [63]. 

Notably the hydrogel beads act as a minimal scaffold for droplet formation, thus 

creating monodisperse droplets without microfluidics. In the aforementioned 

protocol the authors used 50 μm hydrogel beads. Here I sought to test the 

protocol with the 20 μm hydrogel beads used throughout this thesis. Following 

their protocol of vortexing did not result in monodisperse single bead droplets, 

presumably due to the increased difficulty of separating the interfacial tension 

between the smaller hydrogel beads. Instead a tissue homogeniser was tested 

that provides a higher force. This technique was able to create monodisperse 

single bead droplets with the 20 μm beads (Figure 14). Here the beads are 

labelled with a Cy5-conjugated FISH probe against a co-polymerised 

oligonucleotide to aid the visualisation of bead-containing droplets against the 

background of smaller droplets. The use of particle-templated emulsification 

could enable facile monodisperse emulsion IVTT of bead-linked genotype, and 
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warrants further consideration as a tool used alongside the technologies 

developed in this work.  

 

Figure 14 Fluorescent microscopy of particle-templated emulsification. 20 μm polyacrylamide 
hydrogel beads were labelled with a Cy5-conjugated FISH probe against a co-polymerised 
oligonucleotide. Beads were used as the aqueous component of a water-in-oil emulsion made 
through the use of a tissue homogeniser 

2.3 Conclusions and outlook 
 

Here a new in vitro multivalent genotype:phenotype linked display system is 

established. Importantly it fulfils three major criteria; stable display of proteins 

(demonstrated by GFP-SpyT capture across 5 orders of magnitude of protein 

concentration), robust linkage of genotype to beads (through the covalent 

copolymerisation of acrydite into the polyacrylamide matrix), and compatibility 

with microfluidic workflows, (shown by the encapsulation of PHD beads at 100 

% efficiency). GFP is able to be captured at a valency up to 2.8 x 108 molecules 

per bead. This represents a large valency improvement compared to other 

multivalent display formats; 1,000-fold compared to previous bead display 

platforms [37], and 10,000 fold compared to yeast display [31]. The increased 

valency potentially enables work to be carried out on low affinity binders, or 

proteins with low activity (e.g. poor enzymes). Interestingly this valency can be 

precisely controlled by the titration of the capture moiety, methacrylate-PEG-
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benzyl guanine, allowing for control of the concentration of protein in a given 

assay. Attachment of gene-length DNA to polyacrylamide hydrogel beads is 

shown for the first time, however a significant effect of the length of amplicon on 

the yield of amplification is observed. This would limit the versatility of the 

platform as many proteins of interest are encoded for by genes greater than 1 

kb in length, (e.g. IgG or Cas9). Thus, alternative genotype linkage strategies 

need to be developed, and are discussed in Chapters 3, and 4. Facile 

compatibility with microfluidic workflows is shown, highlighted by the single 

bead per droplet encapsulation efficiency of ~100 %. Not only is the throughput 

of any workflow increased due to this, but also the quality of a given assay, as 

double or triple encapsulation events are extremely rare. The reduction in the 

number of double or greater encapsulation events reduces their possible 

negative effect on enrichment values.  

 

Whilst this technology has been framed as a useful tool for genotype:phenotype 

linked directed evolution experiments, particularly in the context of binders, the 

core technology can also be used in other contexts. Firstly, although this work is 

in the context of displaying scFvs for binding assays or cell-based assays, one 

could display any other class of protein. For instance this chapter already 

demonstrates the successful genotype:phenotype linked display of GFP, 

suggesting that directed evolution of fluorescent properties would be a possible 

next step. Extension to enzymatic assays would also be possible. Secondly, 

entirely outside of the context of genotype:phenotype linked experiments, the 

high valency of protein display, and low background binding of protein 

molecules (5000 GFP molecules per bead were still detectable with an 8.8-fold 

signal over background) suggests that these hydrogel beads could be used as 

highly sensitive detectors of proteins of interest. Due to their ability to be paired 

with single cells in a single droplet, single cell protein analysis could be 

imagined via a sandwich ELISA based approach. The idea of using these 

hydrogel beads as sensors is explored in Chapter 4. Thirdly, it is possible to see 

the use of readily functionalisable hydrogels in bioengineering or drug delivery 

contexts. Notably polyacrylamide is biocompatible, and is already used for 

contact lenses, and cell compatible mechanical probes and is being tested in 

the context of drug delivery hydrogels [87–89]. Production of defined structures 
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that can be functionalised with proteins could be of use in tissue engineering 

contexts in which defined concentration gradients of proteins of interest are 

required for the correct development of the tissues. Protein-based drugs can 

also be conjugated robustly to these hydrogels, potentially improving their half-

lives (as is seen with PEGylation already [90]) or reducing their immunogenicity 

due to sequestration in a volume of space that is inaccessible to cells of the 

immune system. These two factors would be of huge relevance in reducing the 

costs of protein-based therapies, whilst simultaneously reducing side-effects.  
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3 Development of an ultra-high throughput in 
vitro genotype:phenotype linked display 
platform compatible with cell-based functional 
screening 

 

This chapter establishes polyacrylamide hydrogel bead display (PHD) as an 

ultra-high throughput genotype:phenotype linked in vitro display platform. 

Genotype linkage to bead in a library context (2.5 x 107 beads) is achieved 

through the amplification of single DNA molecules by emulsion RCA. PHD bead 

formation is then achieved by “pico-injecting” a polyacrylamide hydrogel mix into 

each individual droplet, and allowing polymerisation to occur. Functional 

expression and capture of scFv and DARPins on PHD bead is shown from 

emIVTT. Notably the PHD beads can achieve >50% single bead per droplet 

encapsulation efficiency due to the ability to be close-packed on chip.  

The potency of an anti-TRAIL-R1 scFv is improved >25-fold through in vitro 

post-translational covalent trimerization and hexamerisation. A droplet-

compatible multimerization and release technology is also developed based on 

a photocleavable protein capture construct. Subsequent compatibility with 

apoptosis assays is also highlighted.  

 

Development of emulsion RCA based polyacrylamide hydrogel bead display 

has been in collaboration with Michael Herger, and Lise Boursinhac. All data 

shown related to this is however my own.  
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3.1 Introduction  

3.1.1 TRAIL-R1 is an interesting target for the specific induction of apoptosis in 
cancer cells 

 

Whilst the history of cancer research and drug discovery has been littered with 
potential silver bullets, we are now reaching a stage of relative maturity that 

enables specific targets to be identified, drugs developed, and pathologies 

treated/cured. Fundamental to these advances has been basic research into the 

differences between cancerous cells and normal cells. This understanding has 

progressed from the insight that cancerous cells are rapidly proliferating cells, to 

the identification of specific protein or nucleotide markers of cancerous identity, 

and the understanding of their role in disease biology [91]. The transition has 

been underpinned by the acquisition of -omic level data. For instance large 

sequencing projects have transitioned from bulk sequencing of tumours to 

analysis at the single cell level, (as reviewed in [92]). As the data has gained 

resolution and quality, so to have the insights improved (Figure 15). For 

instance the identification of new cell states e.g. cancer stem cells, metastatic 

potential, host:tumour interaction. It is important to note that these advances 

have not just been at the genome level but also the transcriptome [93], 

proteome [94], metabolome [95], and glycome [96] level. The integration of all of 

these different insights will likely also provide higher resolution understanding of 

disease biology.  
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Figure 15 Applications of single-cell sequencing in cancer research. 

This figure displays the myriad of applications that single-cell sequencing methods have in 
cancer research: (A) resolving intratumor heterogeneity; (B) investigating clonal evolution in 
primary tumours; (C) studying invasion in early stage cancers; (D) tracing metastatic 
dissemination; (E) genomic profiling of circulating tumour cells; (F) investigating mutation rates 
and mutator phenotypes; (G) understanding resistance evolution to therapy; (H) understanding 
cancer stem cells and cell hierarchies; and (I) studying cell plasticity and epithelial-to-
mesenchymal transition. Image and caption from [92] 

 

The history of broad-stroke anti-proliferative drugs such as topoisomerase 

inhibitors that target naturally proliferative cells such as intestinal lining and hair 

follicles [4], and can induce cardiotoxicity [97] is being replaced by drugs that 

can target cancer cells with exquisite specificity and potency (see: Bcr-abl 

kinase inhibition [98], HER2 antagonism [99], relief of immune checkpoint 

inhibition [100], redirection of T-cells to cancer-specific antigens [101]). One 

group of targets identified as upregulated on cancer cells are the death 

receptors comprising: Fas, TRAIL-R1, TRAIL-R2. Agonism of these death 

receptors with non-natural long-lived ligands is being sought after as a method 

of inducing apoptosis specifically in cancer cells as is normally triggered by the 

natural ligand TRAIL (Figure 16). TRAIL exists as a trimer, and thus upon 
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contacting a cell will result in the recruitment of three molecules of TRAIL-R1 

per ligand. Trimerisation of TRAIL-R1 is required for efficient induction of 

apoptosis, resulting in the characteristic activation of effector caspases 3/7.  

 
Figure 16 Overview of TRAIL-induced apoptosis. TRAIL, (purple), in the trimeric form is bound 
by the TRAIL-R family, including the death receptors TRAIL-R1/R2 that can instigate apoptotic 
signalling. Upon activation, the signalling pathway follows a pattern of subsequent protein 
activation, as indicated by the arrows. The extrinsic pathway, (Type 1, blue arrow) leads directly 
to caspase activation for effector functions. The intrinsic pathway, (Type II, purple arrows), 
signals via the mitochondria, leading to caspase activation, and inhibition of the inhibitors of 
apoptosis proteins (IAPs). Taken from [102].  

3.1.2 Improvement of apoptosis induction by an anti-TRAIL R1 scFv 
 

Both the ligand for TRAIL-R1, (recombinant human TRAIL), and antibodies that 

agonise TRAIL-R1 have been tested in patients. Use of recombinant TRAIL has 

the advantage of lower initial discovery costs, and the use of agonistic 

antibodies has the advantage of longer half-life in vivo, thus potentially aiding 

treatment. However, it was found that neither were potent enough to produce 

any significant clinical benefits [103]. It was, however, unclear as to how to 

improve the potency of these drugs.  
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The relationship between affinity and receptor agonism is complicated, due to a 

single binding event likely being insufficient to trigger signalling through a 

receptor [104]. This is particularly true for TRAIL-R1 which is activated by 

TRAIL, a trimeric ligand, in vivo (Figure 16). It is the clustering of three separate 

TRAIL-R1 molecules in close vicinity that is required to activate signalling 

(Figure 16). Increasing the affinity of an antibody against the monomeric TRAIL-

R1 will likely not improve trimerisation of TRAIL-R1 as antibody formats are 

typically only monovalent (scFv, Fab), or bivalent (IgG), thus can only bind one 

or two TRAIL-R1 molecule per antibody molecule (lower than the requisite 

three). Increasing affinity may in fact, counterintuitively, reduce any existing 

agonism of TRAIL-R1. This reduction in receptor agonism can be understood by 

avidity and local concentration effects, i.e. a bivalent IgG against TRAIL-R1 can 

recruit two TRAIL-R1 molecules into close vicinity of one another, subsequent 

trimerization of TRAIL-R1 could occur by one half of the IgG dissociating from 

its bound TRAIL-R1 molecule, and binding another TRAIL-R1 molecule, thus 

recruiting a third TRAIL-R1 molecule into the vicinity of two other TRAIL-R1 

molecules, the increased local concentration of TRAIL-R1 could then trigger 

apoptotic signalling. However, if the affinity of the antibody for TRAIL-R1 is 

increased then the dissociation rate will likely decrease, thus reducing the ability 

of the IgG antibody to recruit a third TRAIL-R1 molecule to a local high 

concentration area. It was, thus, of great interest to investigate the relationship 

between affinity and agonism of TRAIL-R1. Thus, developing a platform 

compatible with both affinity and cell-based functional assays is highly 

desirable.  

 

The importance of the valency/oligomericity of TRAIL-R1 agonists can be seen 

in the attempts to improve potency in the literature. Use of the hexameric IgM 

antibody scaffold has proven to improve potency up to 100-fold versus the 

dimeric IgG format, however could be limited as a therapeutic by the large size 

of the scaffold limiting both tissue penetration and production [105]. Attempts 

have also been made to create a single-chain 3 x TRAIL construct fused to a 

cancer antigen targeting single-chain antibody [106]. Death receptor targeting 

peptides have also been multimerised on dextran scaffolds, enabling low nM 

potencies [107]. Use of the SpyTag:SpyCatcher reaction for anti-TRAIL-R1 
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multimerisation has also been shown through the development of different 

coiled-coil domain fusions to SpyCatcher [108]. The different coiled-coil 

domains oligomerise to different degrees, di-, tri, tetra, etc. Expression of anti-

TRAIL-R1 nanobody as a fusion to SpyTag allows for simple post-translational 

multimerization via incubation of the nanobody-SpyTag with different 

SpyCatcher-coiled coil fusions. Increasing degrees of multimerization beyond 

trimerization resulted in increased potency. Thus, the ability to screen your lead 

compound in many different multimeric/multivalent states in a rapid, facile 

manner is attractive. In this work, a technology was developed for simple post-

translational multimerization of scFv molecules via the capture of scFv:SpyTag 

on single-chain 3x or 6x SpyCatcher constructs. Using this technology, the 

hexamerization of anti-TRAIL-R1 scFv was found to improve receptor agonism 

>100-fold. Further development of the technology simplified the purification and 

release strategy through the use of a photocleavable protein linker between 

polyacrylamide hydrogel bead and the multivalent construct. The simplification 

can allow the use of multimerization in screening campaigns.  

 

The poor correlation between affinity and receptor agonism suggests that 

traditional routes of drug development through affinity maturation are likely to 

fail at improving the potency. Thus, the use of functional cell-based assays is 

required. High-throughput functional cell-based assays are typically carried out 

in 96-well plate formats, thus limiting the throughput of library screening. 

Development of ultra-high throughput cell-based assays would be required in 

order to achieve throughputs comparable to affinity maturation campaigns. 

Droplet microfluidics based solutions have been attempted, such as screening 

of secreted IgG molecules from encapsulated hybridoma cells for enzyme 

inhibition, and secretion of antimicrobial peptides from secretory cells co-

encapsulated with target cells in nanolitre reactors [55,109]. However, these 

both suffer in their throughput, as the Poisson distribution must be considered, 

and cellular transformation efficiency (particularly relevant when considering 

hybridoma technology) restricts the number of clones that can be investigated. 

Aside from throughput, compatibility with a variety of assays and cell types is 

limited due to the requirement for host cell survival alongside that of a target 

cell. A biocompatible in vitro display format without biological confounding 
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factors would be highly desirable however no current technology exists for in 

vitro ultra-high throughput cell-based functional screening. The following 

chapter describes the development of an ultra-high throughput (>106) genotype 

amplification and linkage technology for the production of PHD beads. 

Functional in vitro display of scFv and DARPins on PHD bead is shown at nM or 

greater concentrations for compatibility with ultra-high throughput cell-based 

assays.  

3.2 Results and discussion:  

3.2.1 Library construction techniques 
 

In order to realise the aim of ultra-high throughput cell-based functional 
screening of polyacrylamide hydrogel bead displayed proteins, a library-

compatible genotype amplification strategy was required. As discussed in 

Chapter 2, PCR can be used to link genotype to bead in a manner that is then 

compatible with in vitro expression. However, those experiments relied upon 

‘bulk’ PCR to amplify genotype on to the beads, i.e. more than one bead was 

present per PCR reaction, and each reaction was carried out in a traditional 

PCR tube. The use of tubes limits the number of individual compartments that 

can be physically handled to <1000, which could be achieved through the use 

of microtitre-plates. The throughput of any workflow is thus limited, as the 

number of variants that can be screened will be equal to the number of separate 

compartments that can be used to amplify the genotype on to bead in. Ideally 

the number of beads used in a workflow would equal the number of variants 

screened, however, to achieve this the number of compartments that 

amplification can be carried out in would need to be increased to >10 million. 

Emulsion based genotype amplification techniques exist that could enable this 

as demonstrated in Figure 17. Notably emulsion PCR has been used to amplify 

DNA in many different contexts [63,69,110,111]. In this strategy the library of 

genotypes of interest are diluted to a level at which <1 DNA molecules will be 

present in the volume of a single droplet. This dilution means that many droplets 

will be empty, but those that contain a DNA molecule will likely only contain one. 

Amplification of that single DNA molecule is then achieved through 
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thermocycling of the emulsion, enabling the co-encapsulated PCR reagents to 

function. If a single-bead is co-encapsulated in that droplet, and the on-bead 

oligonucleotide used as a primer in the PCR reaction then the bead should have 

a monoclonal genotype amplified on to it.  

 

 
Figure 17 Compartmentalised amplification overview. Molecules of template DNA are diluted 
such that on average there is less than one molecule per compartment, (with many being 
empty), so that, if occupied, a compartment likely will have only one molecule of DNA. This 
compartmentalisation can be in individual wells of microtitre plates, single water-in-oil droplets 
(as for emulsion PCR), or single pores on a flow cell (as for MiSeq). These DNA molecules are 
then amplified due to the co-compartmentalisation of appropriate reagents for e.g. PCR, or RCA 

3.2.1.1 Emulsion PCR is not suitable for gene-length genotype linkage 
 

Despite the difference in efficiency of DNA amplification on to bead related to 

length of DNA fragment demonstrated in Chapter 2, a library-compatible 

approach was tested (emulsion PCR). Firstly, a suitable surfactant had to be 

identified that would remain stable throughout thermocycling, (Figure 18a). 

Pico-surf was found to lose the monodispersity of formed droplets during 

thermocycling, resulting in droplet merging and genotype cross-contamination. 

RAN however was found to be stable throughout thermocycling. Thus, PCR on 
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to bead in emulsion from Poisson diluted single molecules of DNA was 

attempted. Here it was found that PCR efficiency is even more impaired than in 

bulk, resulting in no detectable amplification of gene-length DNA (1170 bp) 

despite shorter amplicons (123 bp) being readily detectable (Figure 18b). This 

means the protocol is not suited for library-based experiments, where the DNA 

to be amplified would be longer than 123 bp. 

 
Figure 18 emulsion PCR is not suitable for gene-length library preparation (a) Polyacrylamide 
hydrogel beads were encapsulated in droplets using two different surfactants, either PicoSurf at 
a concentration of 2.5 % or RAN at 5 %. These were then subjected to 30 cycles of PCR, and 
the stability inspected by the degree of monodispersity. (b) Polyacrylamide hydrogel beads 
were co-encapsulated with Poisson distributed DNA templates, and PCR reagents. Two 
separate PCR mixes were used, using a primer 123 bases from the binding site of the on-bead 
primer, or 1170 bases from the on-bead primer. On-bead amplicon yield was measured through 
the use of an amplicon sequence-specific FAM-conjugated FISH probe, and subsequent FACS 
analysis.  

3.2.1.2 Design of an alternative compartmentalised amplification technique 
 

Due to the incompatibility of emulsion PCR with gene-length library 
construction, other methods of compartmentalised amplification were 

investigated. Rolling Circle Amplification was identified as a promising 

candidate as emulsion RCA has already been demonstrated, can amplify very 

long DNA molecules and is isothermal [112–114]. The outline of an emulsion 

RCA workflow is detailed in Figure 19. Briefly, circular template molecules are 

diluted such that on average there is <1 DNA molecule per droplet. These DNA 

molecules are co-encapsulated with RCA reagents, containing random hexamer 

oligonucleotides that will randomly prime throughout the circular DNA template 
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and enable strand-displacing polymerase-based amplification of the entire 

circular template. Use of acrydite-modified random hexamers enables the co-

polymerisation of the amplification product into the polyacrylamide hydrogel 

bead matrix upon injection of the unpolymerized mix into each individual droplet 

(pico-injection). The addition of polyacrylamide mix must be after amplification 

as it inhibits amplification otherwise (data not shown). Upon polymerisation the 

hydrogel beads can be recovered and used as described previously. It should 

be noted that the form of RCA used here is hyper branched rolling circle 

amplification as the random hexamers provide multiple initiation sites for 

replication.  

 
Figure 19 Compartmentalised amplification by emulsion rolling circle amplification. From top-
left, clockwise. Circular DNA molecules encoding the library of interest are diluted such that <1 
DNA molecules is present per droplet volume. The plasmids are co-encapsulated with RCA mix, 
and acrydite-hexamers. The reaction is incubated overnight at 30oC. Droplets are then pico-
injected with polyacrylamide mix on-chip, and polymerisation allowed to occur overnight. 
Polyacrylamide hydrogel beads are then collected and functionalised with SNAP-SpyCatcher. 
Functionalised beads are then encapsulated with IVTT mix for expression and capture of 
phenotype within each droplet. Genotype:phenotype linked beads are recovered and can either 
be used for affinity assays, or for functional cell-based phenotypic screening. For an affinity 
assay, beads are incubated with antigen and a fluorescently-labelled detection antibody. For a 
phenotypic screen, beads are co-encapsulated with a target cell, and a fluorescent reporter 
reagent for the phenotype of interest. In both cases FACS is then used to sort for variants of 
interest. Genotypes of interest are recovered via PCR, at which point the cycle can be repeated 
with the introduction of further diversity, or the variants characterised in secondary assays.  
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3.2.2 Library scale polyacrylamide hydrogel bead display of scFv molecules 
 

In order to confirm the suitability of this workflow for ultra-high throughput 

genotype:phenotype linked display, a mock library was created. A positive 

control scFv against the TRAIL-R1 receptor, (3B04), was cloned into an in vitro 

expression plasmid in frame with the SpyTag (at the C-terminus). A negative 

control scFv against carcinoembryonic antigen, (CEA6), was cloned into the 

same vector construct. 3B04-SpyT and CEA6-SpyT plasmid DNA was mixed at 

a ~1:10 ratio and diluted to an expected mean occupancy per droplet volume of 

0.3 in the final RCA mix (100 μl). The RCA mix was then encapsulated 

alongside in ~4 pL droplets at a rate of ~5.5 kHz, covering the 25 million 

droplets to be produced in ~ 75 minutes. The resultant emulsion was collected 

into a sealed chamber (Figure 40) filled with oil and incubated overnight at 

30oC. The emulsion can then be pushed out of the chamber by flowing oil into 

the chamber from the bottom. Successful amplification from single molecules of 

DNA can be visualised by collection of ~1 μl of the emulsion and addition of the 

intercalating DNA dye SYBR safe, (Figure 20a). The staining of amplification 

product from single molecules of DNA is very similar to digital droplet PCR and 

can be used as a highly accurate method of measuring DNA concentration in a 

solution. Interestingly the production of DNA nanoparticles can also be seen, 

(the small points of increased green fluorescence within a green droplet). The 

ease of confirming the successful amplification of plasmid DNA, and that a 

desired encapsulation efficiency has been achieved is a highly useful 

checkpoint within the workflow.  

After confirmation of successful amplification, and a desired encapsulation 

efficiency the emulsion can be used for ‘pico-injection’ (Figure 20b). Droplets 

are pushed out of the collection chamber by a flow of oil from beneath, and into 

a microfluidic chip. The droplets are spaced out from one another by a flow of 

oil perpendicular to their flow. Single droplets then pass a ‘pico-injector’ placed 

opposite to an electrode. The ‘pico-injector’ has a constant flow of 

unpolymerized polyacrylamide hydrogel mix. As a droplet passes between this 

flow and the electrode droplet coalescence occurs, causing the unpolymerized 

hydrogel mix to enter the droplet lumen. After exiting the electric field the 

droplets are stable again, and polymerisation of single beads within single 
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droplets occurs overnight at 65oC. Pico-injection can be carried out at a rate of 

~2.4 kHz, thus covering the 25 million droplets in ~ 173 minutes.  

Polyacrylamide hydrogel beads can be recovered, and the successful creation 

of genotype linkage tested by staining these beads with the intercalating DNA 

dye SYBR safe (Figure 20c). The monodispersity of beads can also be 

examined at this step, as pico-injection can create polydisperse beads if the 

initial emulsion was of low quality or an issue arose during pico-injection, such 

as a dust particle causing a blockage. Typically however the beads are 

monodisperse after size-selection through an appropriately sized filter. These 

beads can then be incubated with SNAP-SpyCatcher to functionalise them for 

subsequent library protein capture.  

Functionalised genotype linked beads are then encapsulated with IVTT mix, at 
a maximum average occupancy per droplet of 1. The emulsion is then 

incubated at a desired temperature for a desired length of time. Beads are then 

recovered from emulsion and stained for expression and antigen binding 

through the use of specific antibodies (Figure 20). The in vitro expression 

construct for both positive and negative control scFvs included a C-terminal HA 

tag, thus enabling visualisation of expression and capture of scFvs on bead by 

an anti-HA iFluor-647 labelled antibody (Figure 20d, right panel). Antigen 

binding can be visualised by addition of TRAIL-R1 as an Fc fusion, and 

subsequent addition of an anti-Fc AlexaFluor488 conjugated antibody (Figure 

20d, left panel). By comparison of the left and right panels in Figure 20d, it is 

evident that many beads have captured an scFv, however only a small 

percentage of the beads have captured the positive control scFv, (3B04), 

against the TRAIL-R1 receptor. The positive:negative scFv ratio was estimated 

at 1:10 for the input DNA, and a similar ratio appears in Figure 20d, highlighting 

the success of the workflow.  
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Figure 20 Successful genotype amplification through emulsion RCA for polyacrylamide 
hydrogel bead display. 

(a) Successful amplification of single molecules of DNA in droplets can be visualised by addition 
of SYBR safe, followed by fluorescent microscopy. (b) Image of a picoinjection chip. Droplets 
enter the chip from the left and are spaced apart by perpendicular oil flow. In the top-right hand 
side an electrode can be seen, and opposite that the ‘pico-injector’ that is delivering 
unpolymerized hydrogel mix. Picoinjected droplets then exit the chip to the right. (c) 
Polyacrylamide hydrogel beads are recovered from emulsion, and a small subset can be 
stained with SYBR safe to confirm integration of amplified genotype into individual beads. (d) 
After emIVTT beads can simultaneously be stained with an antibody against the HA tag as an 
expression level control, (anti-HA iFluor 647), and antigen (TRAIL-R1-Fc) and an antibody 
against the epitope tag of the antigen (anti-Fc AlexaFluor 488). Comparison of the fluorescence 
of a subset of beads in both the GFP, and Cy5 channels of an EvosFl microscope can be 
carried out. All images are overlayed on the brightfield image of the same droplets/beads, and a 
subset of negative beads indicated with white arrows. All scale bars indicate 200 μm.  

3.2.2.1 Quantitative analysis of scFv expression yield from emIVTT 
As seen in Figure 20d, whilst scFv capture is evident on bead, the signal over 

background is not large. Quantification of the signal intensities of each bead 

population was carried out by FACS analysis of the PHD beads. The effect of 

expression temperature was investigated by splitting the emIVTT reaction into 

three PCR tubes, and incubating at 20oC, 25oC, and 30oC overnight. The 

recovered beads were washed, and then stained with anti-HA tag antibody and 

TRAIL-R1-Fc and anti-Fc AlexaFluor 488. FACS analysis of >20,000 beads for 

each condition showed the expected general distribution, i.e. ~30-40% of beads 

expressing an scFv (Q2 and Q3), and ~10 % of those expressing an scFv 

binding the TRAIL-R1 receptor (Q2) (Figure 21a). The median BluFl1 and 
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RedFl1 signals (antigen binding and expression level respectively) for each 

population at each temperature is summarised in Figure 21b. Both expression 

level, and antigen binding increase with increasing temperature of expression, 

however the background binding of antigen on the negative control scFv beads 

also increases, leading to a reduced signal over background when increasing 

temperature of expression from 25 oC to 30 oC (10.85-fold, and 9.52-fold 

respectively). It should be noted that in Q3 of all plots two populations appear to 

be present, one with an expression level around 104, and one with a high 

expression level >105. The source of these two populations is currently 

unknown, but could reflect different levels of genotype amplification, a 

contaminating genotype, or an actually negative population of beads that has 

captured scFv during deemulsification. FACS sorting of these separate 

populations could help to resolve this, however for the purposes of this work the 

important thing to note is that the antigen binding beads can clearly be 

distinguished over background.  

 
Figure 21 FACS-based analysis of scFv expression (a) FACS plots of the expression level 
(RedFl1) against antigen binding (BluFl1) of genotype:phenotype linked beads prepared by 
emRCA, picoinjection and emIVTT (at three temperature: 20oC, 25oC, 30oC). Antigen was 
TRAIL-R1-Fc at 24.4 nM. Anti-HA-iFluor647 and anti-Fc-AlexaFluor488 were both used at 1:200 
dilutions. Beads were analysed using a Cytek DxP8 flow cytometer, and the populations divided 
according to the predicted frequencies of each. (b) Tables containing the median antigen 
binding value and expression level of each quarter population from (a) are shown following the 
same pattern as the quarters in (a)  
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3.2.2.2 Estimation of the functional yield of scFv from in vitro expression  
 

In an attempt to quantify the actual concentration of scFv molecules, and thus 

potential compatibility with cell-based functional assays, an on bead standard 

curve was made. The same stock of hydrogel beads functionalised with SNAP 

SpyCatcher as used for in vitro expression were instead incubated with different 

amounts of purified 3B04-SpyT overnight. These beads were then stained as 

before and analysed by FACS using the same settings as used for analysis of 

the emIVTT beads in Figure 21. As shown in Figure 22, this approach yielded a 

semi-quantitative standard curve, and as such the number of functional scFv 

molecules from emIVTT could only be estimated in ranges rather than absolute 

numbers. Comparison to the standard curve showed that the yield of functional 

expression ranges between 5 x 106 and 5 x 107 molecules per bead (Table 4). 

Notably the ratio between expression level and antigen binding per bead is 

poorer for IVTT expressed scFv than purified scFv (expressed in CHO cells) 

(Figure 22b). For instance expression level:antigen binding at 30oC emIVTT 

expression is 2.1:1, whereas for a similar level of antigen binding with purified 

scFv captured on bead (5 x 107 molecules per bead) the ratio is 0.8:1. The 

poorer expression level:antigen binding ratio for emIVTT expressed scFv 

suggests that a significant percentage of expressed, and captured scFv is non-

functional. A conservative estimate would place the IVTT expression as being 

2.5-fold less functional (5 x 107 scFv molecules per bead compared to IVTT 

expression at 30oC) than CHO-cell expressed scFv, (which in turn may itself not 

be 100% functional). The non-functional portion can be understood by the 

difficulty of cell-free in vitro expression of disulphide-bonded proteins such as 

scFv molecules. 
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Figure 22 Analysis of scFv expression level from emIVTT (a) Standard curve of antigen binding 
and expression level of known anti-TRAIL-R1 scFv concentrations. 350000 beads were 
functionalised with SNAP-SpyCatcher, and then split in 7, and incubated with a dilution series of 
defined numbers of available scFv molecules per bead (5 x 107 -5 x 104 molecules per bead). 
These beads were then stained as described previously for antigen binding and expression 
level and analysed by FACS with the same settings as used in Figure 21. (b) A comparison of 
the expression level (median RedFl1): antigen binding (median BluFl1) ratios of each emIVTT 
and standard curve condition. A lower value is better, indicating more antigen binding per 
expression unit. IVTT conditions are indicated with patterned bars, and the standard curve 
conditions with solid colours.  

 
Table 4 Estimation of potential scFv concentrations in cell-based functional assay droplets. The 
number of functional molecules was estimated by comparing the Median BluFl1 signals of each 
expression temperature in Figure 21 to the standard curve in Figure 22.  
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3.2.2.3 Analysis of a new IVTT mix for functional scFv expression 
 

In order to robustly achieve scFv expression at a high enough functional yield 

for compatibility with functional cell-based assays the IVTT expression kit was 

investigated. Correct folding of an scFv and formation of the disulphide bonds 

requires an oxidising environment, normally conferred by the periplasmic space 

in bacterial cells, or the endoplasmic reticulum of eukaryotic cells. In addition to 

a requirement for the correct redox environment, is a requirement for certain 

chaperones to further aid the functional folding and for disulphide-bond 

isomerases to help remodel incorrectly paired Cysteine pairs. IVTT kits 

accomplish these factors by altering the balance of redox reagents, and 

including certain sets of chaperones, however a balance must be found 

between these and the effect of an oxidising environment on the transcription 

and translation machinery that normally function in the cytoplasmic reducing 

environment. This work did include disulphide-bond enhancers, after previous 

work in the Hollfelder lab found them to be necessary. It should also be noted 

that the functional yield had already been improved by conversion of scFv to a 

SpyTag fusion rather than a SNAP or SpyCatcher tagged fusion, (in Chapter 2, 

Figure 4). Thus, the yield of functional scFv from IVTT appears to be limited by 

the IVTT mixture being used and its non-perfect compatibility with disulphide-

bond formation.  

 

A search of the literature identified a new IVTT mix, (Purefrex 2.1), that 

advertised functional antibody expression at 1 mg/ml scale. The kit hitherto 

used, (PURExpress), advertises a maximum yield of 100 ug/ml. Thus, the new 

kit could be expected to yield 10 times as much functional scFv. To investigate 

this in the context of hydrogel bead display the 3B04-SpyT in vitro expression 

plasmid was used as the template for both kits in reactions following the 

respective manufacturer’s recommended protocols. Polyacrylamide hydrogel 

beads functionalised with SNAP-SpyCatcher were added to the in vitro 

reactions and expressed scFv captured on bead. The beads were then washed 

and stained as described previously for antigen binding and expression level 
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(Figure 23). In the context of bulk IVTT there appears to be little to no significant 

difference in either absolute yield or functionality of scFv.  

 

 
Figure 23 Comparison of two commercial IVTT kits for functional scFv expression The in vitro 
expression of 3B04-SpyT by two different IVTT kits (PURExpress; NEB, and Purefrex 2.1; 
Genefrontier) was tested as per the manufacturers’ protocols. After expression beads 
functionalised with SNAP SpyCatcher were added to each reaction. The expression level and 
antigen binding were then tested as described previously. A Cytek DxP8 was used for data 
acquisition.  

Whilst successful display of scFv molecules can be seen in this workflow, the 

compatibility with potential subsequent cell-based functional assays must be 

considered. The potential concentration of scFv molecules in a droplet of 70 μm 

diameter for the cell-based assay is at maximum ~465 nM (Table 4). This 

maximum concentration provides an upper limit for the potential potency of a 

drug to be discovered through this workflow. This upper limit is before taking 

into account the accessibility of the scFv molecules for a cell-based assay, and 

the potential effect the non-functional population could have on any potential 

assay. The non-functional population would significantly affect attempts at 
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multimerization, discussed in 3.2.4.1, as non-functional scFv molecules would 

still be captured on the multimerization scaffold alongside functional molecules. 

Capture of non-functional molecules on a trimerization scaffold negates the 

benefit of trimerization. As such an alternative class of proteins that could yield 

greater functional expression within this workflow was desired. 

3.2.3 Library scale polyacrylamide hydrogel bead display of DARPin molecules  
 

Due to the low yield of functional scFv in vitro expression acting as a barrier to 

functional cell-based assays it was necessary to investigate alternative 

solutions. The main source of issue seemed to be the requirement to form 

disulphide-bonds for functional scFv expression. Thus, investigation of the use 

of an alternative protein scaffold that does not require disulphide-bond formation 

and is known to exhibit high yield prokaryotic cytoplasmic expression was 

carried out. Many alternative scaffolds exist now (as reviewed in Chapter 1 

Figure 1: Overview of therapeutic binding protein scaffolds), and amongst those 

described in the literature DARPins appear highly attractive. DARPins exhibit 

high-yield bacterial expression (15 g/L with bacterial fermentation [22]), no 

disulphide-bond formation, small size (<17 kDa), low immunogenicity, and high 

potential affinity [115]. The compatibility of DARPins with polyacrylamide 

hydrogel bead display was thus worthy of investigation.  

 

Positive and negative control DARPins against GFP (3G86.32, affinity 160 pM 

[116]) and non-phosphorylated ERK (E40, affinity 6.6 nM [117]) were sourced, 

and cloned into in vitro expression constructs. An experiment similar to that 

described in 3.2.2 was devised. Anti-GFP DARPin plasmid DNA was diluted 

1:10 in anti-ERK DARPin plasmid DNA, and then together diluted down to an 

estimated droplet occupancy of 0.3. The final dilution was then used for an 

emulsion RCA reaction as described previously. Successful amplification of 

DNA from single plasmids was observed at the estimated droplet occupancy, 

(Figure 24a). The emulsion was then used for polyacrylamide hydrogel bead 

formation via pico-injection of the hydrogel matrix. Successful formation of 

polyacrylamide hydrogel beads functionalised with genotype was confirmed in 

Figure 24b. After addition of SNAP-SpyCatcher the beads were then used for 
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emIVTT, (Figure 24c). Successful expression of DARPins (right hand picture: 

Figure 24d) and the fraction of these that bind GFP (left hand picture: Figure 

24d) is demonstrated.  

 

 
Figure 24 Overview of DARPin display on polyacrylamide hydrogel display beads(a) A 
fluorescent image of the emRCA reaction for 3G86 and E40 amplification stained with SYBR 
safe. A lambda value of ~0.35 is evident from the average number of occupied droplets (SYBR 
+) (b) A fluorescent image of polyacrylamide hydrogel beads, formed by picoinjection of the 
emRCA droplets with polyacrylamide matrix, stained with SYBR safe. (c) An image of the chip 
used for the emIVTT workflow. IVTT mix enters from the left as indicated by the arrow, and 
beads from the top. Note their close-packing. (d) PHD beads stained for antigen binding, (left-
hand panel) and expression level (right-hand panel). Antigen was GFP at 1.36 μM. Expression 
level was probed with the previously used anti-HA iFluor647 at a 1:100 dilution. Average 
diameter was measured using Fiji (ImageJ). All scale bars represent 200 μm.  

3.2.3.1 Analysis of the expression profile of DARPins on polyacrylamide 
hydrogel display beads 

The parent population of the PHD beads shown in Figure 24d was subsequently 

analysed by FACS for a more quantitative estimate of expression level and 

functionality. As shown in Figure 25a, the anti-GFP DARPin positive population 

(Q2), is distinguishable from the anti-ERK DARPin population (Q1) and both 

from the negative population (Q4). As shown in Figure 25b, the expression level 

of both DARPin populations (Q2, and Q1) is detectable at >131-fold over 

background (Q4). Importantly the detectable functionality also appears to be 

high, as the antigen binding over background, (Q2 vs. Q1) is at 169-fold. Two 
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notes of interest exist here. Firstly, the anti-ERK population of PHD beads, (Q1), 

appears to show lower background binding of antigen than the negative 

population of beads, (Q4). Secondly, two populations of beads seem to exist 

within the negative population, (Q4). A similar observation was made in Figure 

21a, in which the anti-CEA6 scFv population (Q3) appeared to show two 

populations. It could be the case that the gating in Figure 21 is incorrectly set, 

and the lower expression level population in the anti-CEA6 scFv population is 

actually a negative population, that would then match the distribution of 

populations seen for DARPins in Figure 25a. It could be the case that during 

deemulsification excess DARPin-SpyTag is captured on negative beads in the 

vicinity of the genotype-positive DARPin saturated PHD beads. Future 

experiments could include investigating the effect of deemulsifying into excess 

SpyTagged unlabelled protein, and genotype recovery from each population. 

Despite the ambiguity of the two negative populations, DARPin display on PHD 

beads appears to exhibit high functional yield and is thus well-suited to use in 

polyacrylamide hydrogel display.  

 
Figure 25 FACS analysis of DARPin expression profile on polyacrylamide hydrogel display 
beads 

(a) FACS plot of genotype:phenotype linked polyacrylamide hydrogel display of anti-GFP and 
anti-ERK DARPins. Expression level is measured with an anti-HA tag antibody conjugated to 
iFluor647, antigen binding is directly measured via intrinsic green fluorescence of GFP. The 
percentage of the total population found in each gate is indicated beneath the title of each gate 
(b) Median values for expression level and antigen binding of each population are indicated in 
the same layout as the populations in the FACS plot (a) 
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3.2.3.2 Close-packed microfluidic encapsulation of polyacrylamide hydrogel 
display beads 

 

A key feature of polyacrylamide hydrogel display is the ability to control the 

encapsulation efficiency of the beads in order to beat the Poisson distribution. 

Previous work on this had been conducted with 50 μm or 65 μm beads in the 

literature, and 20 μm beads in Chapter 2. The average bead diameter for the 

DARPin beads after picoinjection was 45 μm, (Figure 24d). It was, thus, 

necessary to design and test new microfluidic chips for the controlled 

encapsulation of 45 μm beads for emIVTT. An extra caveat is that the hydrogel 

beads formed by picoinjection are less monodisperse than those created by 

flow-focussing, thus the chip should be able to handle size disparities without 

significant issue. The chip used for DARPin emIVTT is shown in Figure 26a, 

and the resultant emulsion in Figure 26b. In both attempts at counting bead 

encapsulation efficiencies the Poisson distribution is beaten, with fewer empty 

droplets, more singly occupied droplets, and fewer doubly encapsulated 

droplets than predicted by the Poisson distribution for the average occupancy 

seen in either. However, the efficiency is still not as high as examples in the 

literature, suggesting that further optimisation of the microfluidic chip is required. 

It would appear that the PHD beads can be constrained in the inlet channel 

slightly more than they are currently, as the diameter of the bead does not 

always touch both walls of the channel. A gap in the channel can allow for non-

perfect packing of PHD beads, thus negatively affecting encapsulation 

efficiency. Further iterations of the emIVTT chip could help to improve the 

encapsulation efficiency.  
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Figure 26: Encapsulation efficiency of genotype-linked polyacrylamide hydrogel beads 

(a) A still image of the encapsulation of beads on chip. IVTT mix enters from the left, acting as 
bead spacing tool. Beads enter as a closely packed train of beads from the top. Oil then enters 
from the left- and right-hand sides at a flow-focussing junction. A small ‘tooth’ is included at the 
droplet formation side of the flow-focussing junction in an attempt to aid droplet formation. 50 
droplets were counted during encapsulation and the distribution shown in the graph beneath the 
image (grey). The Poisson distribution predicted frequencies are shown in orange (b) An image 
of the resulting emulsion. Examples of single, double, and triple bead encapsulation events are 
shown by the red arrows. The distribution is shown in the graph beneath the image (grey). The 
Poisson distribution predicted frequencies are shown in orange.  

3.2.4 Cellular assay development and related technologies  
 

Whilst functional library display was being developed it was also necessary to 
develop an assay that is compatible with ultra-high throughput screening for 

induction of apoptosis.  

3.2.4.1 Post-translational multimerization of an anti-TRAIL-R1 scFv increases 
its potency 

 

The anti-TRAIL-R1 antibody (3B04) used in this work has been reported to act 

monomerically, however this activity does not match the target biology well [80]. 

TRAIL-R1 signals via trimerization, thus inducing trimerization of the receptor 
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should dramatically improve the induction of apoptosis. Typical antibody formats 

would not support this function, scFvs are monomeric, and IgGs are only 

dimeric. Expression of three scFvs in tandem would achieve this, however that 

requires the cloning and expression of new and difficult constructs. This would 

also create a bottleneck when screening multiple scFvs, especially if multiple 

different multimeric constructs are desired. Instead a facile, controllable, post-

translational multimerization technique is highly desirable. Post-translational 

multimerisation was achieved by construction and expression of two different 

single-chain SpyCatcher constructs, one with 3 SpyCatcher moieties in tandem, 

and one with 6 SpyCatcher moieties in tandem (Figure 27a). Different valencies 

are easily constructed and expressed. Purified 3B04:SpyTag was added in 

excess to the 3 x and 6 x SpyCatcher constructs and allowed to react overnight. 

The reacted products can then be purified from unreacted scFv through simple 

size-separation as exemplified by the appearance of high concentration, high 

molecular weight bands in SDS-PAGE analysis of the samples (Figure 27b). 

Induction of apoptosis by these constructs was then measured, and 

hexamerisation shown to improve potency by >25-fold versus the monovalent 

scFv or bivalent IgG formats, (Figure 27c; 4 nM of hexamer induces a greater 

amount of apoptosis than 100 nM of scFv or IgG). This significant improvement 

in efficacy suggests that post-translational SpyCatcher mediated 

multimerisation or a similar format could well be used as the final drug format 

and warrants potential investigation in vivo. Short of this, the data highlight the 

importance of respecting the biology of a target and the need for versatility in 

drug formats when screening.  
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Figure 27: Post-translational multimerization of anti-TRAIL-R1 scFv (a) Two single-chain 
SpyCatcher constructs were made with either 3, or 6 SpyCatcher molecules in tandem. Both the 
3x and 6x SpyCatcher constructs (pink) are incubated with an excess of anti-TRAIL-R1-SpyT 
scFv (blue) overnight. Purification of the covalently assembled SpyCatcher-scFv multimer 
constructs from excess scFv can be achieved by size-selection using centrifugal filters with a 
100 kDa molecular weight cut off. (b) SDS-PAGE analysis of the different components of the 
assembly reactions, and the purified fully assembled constructs. Orange arrows indicate the 
relevant POI for that lane. (c) Induction of apoptosis in HeLa cells by the anti-TRAIL-R1 
antibody as monomeric scFv (red), dimeric bivalent IgG (grey), trimeric SpyCatcher-scFv (blue), 
and hexameric SpyCatcher-scFv (orange). Apoptosis was induced for two hours and then 
assayed by addition of NucView 488 caspase 3/7 substrate (Biotium). Each well was then 
analysed by FACS for green fluorescence. Induction of apoptosis is displayed as the average of 
triplicate measurements of the median green fluorescence for each sample normalised to the 
untreated cell control population.  

3.2.4.2 Ultra-high throughput compatible protein multimerization and 
photocleavable release 

 

The work discussed in this chapter hereon was carried out in collaboration with 

Mr. Christopher Mellor under my supervision. Figure 29, Figure 30, Figure 31, 

and Figure 32 are based on figures of Christopher Mellor.  
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The technology developed in Figure 27 is a facile method of achieving 

multimerisation, however it would not be compatible with a droplet-based 

system in which expression and assay are decoupled. Instead it would be highly 

desirable to be able to trigger the release of trimeric protein from the PHD 

beads after co-encapsulation with a target cell has already occurred. 

Manipulation of conditions within a droplet is not simple. It could be possible to 

co-encapsulate a protease to release an assembled 3x SpyCatcher:POI 

construct, however this would lead to different timings of release and thus affect 

the assay itself. Instead a method of triggering the release of trimeric POI after 

all PHD beads have been encapsulated would be desired. One such method 

would use light to trigger the release of proteins from the bead through the 

triggered cleavage of a photocleavable protein. PhoCl is such a photocleavable 

protein, recently being described in [79]. Thus, a construct design was 

hypothesised as indicated in Figure 28. Expressed phenotype would be 

captured on SNAP-PhoCl-3xSpyCatcher constructs on bead. Upon co-

encapsulation of these beads with target cells, light of the correct wavelength 

could be shined on the emulsion, triggering cleavage of the PhoCl protein and 

thus, release of the 3xSpyCatcher-POI assembly into the droplet lumen. Once 

released the trimerized POI would be free to interact with the co-encapsulated 

cell.  
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Figure 28 Overview of photocleavable trimerization scaffold (a) Visual representation of the fully 
assembled on-bead SNAP-PhoCl-SpyCatcher(3x): (3x)scFv-SpyTag construct. (b) Upon 
exposure to light (hv) the PhoCl will spontaneously break its peptide backbone, thus releasing a 
trivalent SpyCatcher-scFv-SpyTag construct. Peptide backbone linker sequences are shown by 
grey lines. 

3.2.4.3 On-bead capture and photocleavage of a trimerization scaffold 
 

Expression of both SNAP-PhoCl-SpyCatcher 1x and 3x as fusions to His-tag 

was successful (Figure 29a, red and blue arrows). However, both purifications 

showed contamination with free SNAP-tag (yellow arrows) after nickel-column 

chromatography (Ni C). Size exclusion chromatography (SEC) was then used in 

attempt to remove the contaminating free SNAP-tag, which proved moderately 

successful for the 3x construct, reducing SNAP-tag contamination ~10-fold. 

Subsequent capture of SNAP-PhoCl-SpyCatcher (1x and 3x) constructs on 

bead was simple to follow through the intrinsic green fluorescence of the PhoCl 

protein. Both 1x and 3x SpyCatcher constructs were successfully captured on 

bead (second and fourth columns of Figure 29b). More SNAP-PhoCl-

SpyCatcher 1x appears to be captured on bead than 3x, as indicated by the 

greater green fluorescence. The discrepancy between capture amounts could 

arise from the purity of the protein solutions, with SNAP-PhoCl-SpyCatcher 3x 

a
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exhibiting a greater percentage of free SNAP-tag than the 1x solution (Figure 

27a). The free SNAP-tag can compete with full-length construct for the available 

benzyl guanine molecules on each bead. Thus, more free SNAP-tag would 

result in less full-length fluorescent protein being captured. Both constructs do, 

however, show high photocleavage yields upon exposure to 405 nm light, (third 

and fifth columns of Figure 29b, and summarised in Figure 29c). It should be 

noted that loss of green fluorescence can be due to both photocleavage and 

photobleaching, thus analysis of the protein backbone is also of interest. 

 

 
Figure 29 Capture and photocleavage of SNAP-PhoCl-SpyCatcher constructs on bead(a) 
50,000 beads were functionalised with either SNAP-PhoCl-SpyCatcher 1x or 3x. These beads 
were then incubated +/- exposure to light (405nm, 10 mW, 60 minutes). The green fluorescence 
of each bead was analysed by FACS, and the median fluorescence intensity calculated for 
three replicates of each condition. The line indicated the mean of the three median values. (b) 
The loss of green fluorescence upon light exposure is represented as a percentage value.  
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3.2.4.4 Analysis of photocleavage kinetics at different intensities of light  
 

Light of the wavelength used for photocleavage (405 nm) could potentially be 

cytotoxic, especially when used at the intensity and length of time described in 

the literature (10 mW, 60 minutes). As the ultimate aim of this work was to build 

in compatibility with functional cell-based assays, potential sources of 

cytotoxicity are undesirable. In an effort to reduce the potential cytotoxicity of 

the light exposure, the kinetics of photocleavage at different intensities of light 

was tested, (Figure 30). Use of 5 mW of light for 12 minutes appears to achieve 

the same percentage of photocleavage as 10 mW of light for 60 minutes. This 

reduction represents a compound 10-fold decrease in light exposure, (2-fold 

lower intensity for 5-fold less time).  

 
Figure 30 Loss of PhoCl fluorescence at different intensities and exposure lengths of light. For 
each sample 50000 beads were functionalised with SNAP-PhoCl-SpyCatcher 1x. Each sample 
was then incubated for the indicated time at the indicated intensity of 405 nm light in triplicate. 
Beads were then FACS analysed, and the median green fluorescence acquired. Comparison to 
an uncleaved sample, gave percentage loss of fluorescence for each sample. The mean of this 
percentage loss is shown by the coloured crosses, and the standard deviation by the upright 
lines through them.  
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3.2.4.5 On-bead trimerized, and photocleaved scFv is compatible with the 
induction of apoptosis in cancer cells 

 

To confirm that trimerization and subsequent release of trimeric scFv via the 

SNAP-PhoCl-SpyCatcher 3x scaffold on bead functions for apoptosis induction, 

a bulk experiment was conducted. Beads were functionalised with SNAP-

PhoCl-SpyCatcher 3x and then incubated with either purified anti-TRAIL-R1 

scFv-SpyTag, or anti-CEA scFv-SpyTag. These bead populations were then 

each split in two, one exposed to 405 nm light, and one kept in the dark. These 

samples were then all tested for the induction of apoptosis in cancer cells 

through a luminescent assay for caspase 3/7 activity, a hallmark of apoptosis. 

As shown in Figure 31 it is evident that both trimerization and photocleavage 

from bead occur as designed. Trimerisation appears to significantly improve the 

potency of apoptosis induction by the anti-TRAIL-R1 scFv, (comparing the sixth 

column to the fourth column of Figure 31). Bead-bound anti-TRAIL-R1 does 

already appear to exhibit some ability to induce apoptosis, however this is 

significantly potentiated by photocleavage from bead (comparing the fifth 

column to the sixth column of Figure 31). The requirement for photocleavage to 

induce apoptosis can be understood by the volumetric capture of protein in a 

hydrogel bead. A large percentage of captured protein will be in an inaccessible 

volume of the hydrogel bead rather than on its surface available for interaction 

with a cell. Photocleavage of the capture scaffold will release the trimerized 

scFv and allow diffusion out of the bead volume and into the bulk solution for 

interaction with cells.  
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Figure 31 Photocleaved trimerized anti-TRAIL-R1 scFv can induce apoptosis300,000 beads 
were functionalised with SNAP-PhoCl-SpyCatcher 3x, and then incubated with either anti-
TRAIL-R1 scFv-SpyTag or anti-CEA scFv-SpyTag. Half of each samples beads were then 
exposed to 405 nm light (5 mW, 12 minutes). Samples were then incubated with 30,000 HeLa 
cells each for 2 hours before addition of Caspase Glo 3/7 luminescent assay reagent 
(Promega). The free scFv samples used were at a final concentration of 454 nM. All data was 
acquired in triplicate, and the line indicates the mean value for each sample.  

3.2.4.6 Photocleavage based release of proteins from polyacrylamide hydrogel 
beads can occur in emulsion 

 

All of the aforementioned experiments have occurred in bulk conditions, yet the 

intended final utility will be for triggering protein release in microfluidic droplets. 

In order to simply investigate the compatibility of photocleavage with droplets, 

polyacrylamide hydrogel beads were functionalised with SNAP-PhoCl-

SpyCatcher 1x and then incubated with mCherry-SpyTag. After protein capture 

the 20 μm beads were then encapsulated on chip in 50 μm droplets. The 

emulsion was split in two, one half being exposed to light (bottom half of Figure 

32) and one half kept in the dark (top half of Figure 32). Fluorescent intensity 

decreases on bead after light exposure, with fluorescence in the droplet lumen 

increasing suggesting that diffusion of the captured mCherry out of the bead 

volume does occur in droplet.  
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Figure 32 Photocleavage based release of protein into the droplet lumenPolyacrylamide 
hydrogel beads were functionalised with SNAP-PhoCl-SpyCatcher 1x, and then incubated with 
mCherry-SpyTag. Beads were then encapsulated on microfluidic chip. The resultant emulsion 
was split in two and incubated +/- (bottom/top image) 405 nm light (5 mW, 12 minutes). Three 
images of each condition are shown, taken from the same respective samples. Scale bar 
represents 100 μm.  

3.3 Conclusions and future outlook 
This chapter has established the use of emulsion RCA as a monoclonal 

compartmentalised amplification library preparation technique compatible with 

polyacrylamide hydrogel display. The emRCA, picoinjection workflow enables 

the creation of ~25 million, 40-45 μm PHD beads, with the slowest step 

(picoinjection) still covering this number within <3 hours. The throughput of this 

workflow thus exceeds that of previously described megavalent in vitro display 

platforms such as BeSD. Further improvements to the workflow could still be 

possible, likely improving both the quality and quantity of PHD beads made. The 

rate of picoinjection currently acts as the main throughput-limiting step, thus 

focus could be put on picoinjection if higher throughput was desired. Smaller 

droplets could be used for the emRCA reaction, thus requiring a smaller volume 

of polyacrylamide matrix injection. The flow rates used with the picoinjection 

chip could be increased, and alternative geometries tested. To improve the 

quality of the assay the emIVTT chip can also be further optimised for higher 

efficiency single bead encapsulation. It should be noted that the emIVTT 

displayed here is the first case of in vitro expression from bead in monodisperse 
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droplets, and also shows improvements over the expected encapsulation 

efficiency predicted by the Poisson distribution. 

 

Polyacrylamide hydrogel display of scFv molecules is achieved, however in vitro 

functional expression yield is low. Whilst the yield of scFv is insufficient for cell-

based functional screening, it could be possible to quantitatively screen a library 

via FACS for affinity maturation or deep mutational scanning. In order to fulfil 

the aim of reducing the cost and difficulty of drug discovery through the use of 

technology development, novel approaches to screening campaigns should be 

considered. Recent uses of comparable display technologies, such as yeast 

display, have included the measurement of sequence-affinity landscapes of 

scFvs [46]. Sequence-affinity landscapes are created by iteratively FACS 

sorting the same yeast display library into multiple gates, over multiple antigen 

concentrations. The sequences in each gate can be barcoded during 

sequencing library preparation for which gate they were from, and at which 

antigen concentration. Barcoding enables multiplexed sequencing, and 

bioinformatic deconvolution of which gate a sequence was in at which antigen 

concentration. Thus an affinity curve can be drawn for every individual 

sequence across a whole library. However, the length of sequence that can be 

varied is limited to the length of one read on a next-generation sequencing 

platform, (MiSeq ~300 bp). scFv gene lengths exceed this sequencing length, 

thus only small portions of sequence space can be investigated. Importantly 

global interactions in the protein cannot be investigated as mutations separated 

by more than 300 bases in sequence space will not be sequenced together and 

assigned as being from the same clone. Alternative sequencing technologies 

have now reached maturity, with long-read nanopore sequencing being able to 

sequence ~10 gigabases on one flowcell, representing ~10 million, 1 kb long 

scFv sequences. By integrating nanopore sequencing into a polyacrylamide 

hydrogel display workflow, it could become possible to acquire high quality, high 

quantity full-length sequence:affinity landscapes of scFvs. Early attempts at 

mining similar datasets for information through the creation of consensus 

mutations for instance have already proven useful [110].  
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The display of an alternative protein scaffold, DARPins, on PHD beads is 

successful, and exhibits high functionality. The use of DARPins as a scaffold for 

drug discovery is highly attractive (high yield bacterial expression, high affinity, 

low immunogenicity, small size), thus could be considered for the discovery of a 

new TRAIL-R1 agonist. High affinity DARPins against many targets have now 

been discovered, mostly via either ribosome display or phage display. The 

throughputs of these discovery technologies are greater than the throughput of 

polyacrylamide hydrogel display in its current form, (~107-108). A smaller library 

size reduces the chance of discovering binders against a desired target, 

however it could still be worth attempting the screening of a naïve DARPin 

library through polyacrylamide hydrogel display. The high valency, and 

compatibility with quantitative screening (via FACS), could enable low affinity 

variants to be initially discovered that can then be used as a basis for affinity 

maturation. If, however, no DARPins against TRAIL-R1 can be discovered 

through polyacrylamide hydrogel display, a primary higher throughput 

technology such as cis-display, ribosome display, or phage display could be 

used to screen a naïve library. If hits are identified through these discovery 

technologies, then the DARPins can be quickly screened for affinity and 

induction of apoptosis through polyacrylamide hydrogel display combined with 

ultra-high throughput cell-based functional assays.  

 

This chapter has focussed on the display of binders, and affinity and cell-based 

assays. However, the workflow is entirely compatible with the display of other 

protein classes, (e.g. enzymes, fluorescent proteins) and other assays (e.g. 

enzyme inhibition). Future work could include the in vitro screening and directed 

evolution of enzymes with high cellular background, or the inclusion of non-

natural amino acids with interesting chemistries for catalysis.   
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4 Combinatorial construction and in vitro 
expression of a bead-displayed antimicrobial 
peptide for ultra-high throughput droplet-
based phenotypic screening 

 

 

This chapter establishes a combinatorial method of library construction on 

polyacrylamide hydrogel display beads. 100 % of beads are functionalised with 

a monoclonal genotype. PHD beads are functionalised with SNAP-SpyCatcher 

and used in emIVTT for expression and capture of an antimicrobial peptide, 

(AMP). Bacteriolysis triggered by the AMP, (LL37), can be detected in droplet 

via absorbance-activated droplet sorting, or on bead via FACS using the 

polyacrylamide bead as a sensor.  

 

4.1 Introduction 
 

Resistance of bacteria to antibiotic drugs has become a pressing issue. Whilst 
small molecules have proven to be a valuable format for antibiotics historically, 

the difficulty of their discovery and the associated costs has led to a decline in 

the development of new drugs. Set against the remarkable speed at which 

bacteria can evolve resistance to new drugs, there is little commercial incentive 

to pursue this avenue. Rebate schemes have been suggested, however they do 
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not address a fundamental issue; bacteria and humans are in an “evolutionary 

arms race”. Leigh Van Valen (in the context of co-evolution and extinction of 

species) terms this the Red Queen Hypothesis after the address by the Red 

Queen to Alice in Lewis Carroll’s Through the Looking Glass: 

 

“Now, here, you see, it takes all the running you can do, to keep in 

the same place.” 

 

For every new antibiotic drug that humans develop, it is highly likely that 

bacteria will evolve a resistance mechanism in response. Drugs that target 

pathways that theoretically do not impose a selection pressure upon the 

bacteria, such as quorum sensing inhibitors [118,119] are of interest however 

further data is needed on how insulated against the development of resistance 

they truly are. Instead it would be highly desirable to harness the power of 

evolution against the evolution of drug resistance. This concept is seen in the 

emerging use of bacteriophage as therapeutic entities [120,121]. Whilst bacteria 

can evolve resistance to certain bacteriophage, it would be predicted that other 

bacteriophage would fill that newly available ecological niche, or evolution of 

counter-resistance mechanisms would occur. Phage therapy is an exciting 

prospect that is recently proving to be successful in the clinic. However, 

associated issues such as specificity, availability etc. render the prospect of 

more traditional controlled drug formulations highly attractive. To harness the 

power of evolution in this context would require the use of genetically encoded 

drugs (either RNA, DNA, or protein-based). Genetically encoded drugs then 

enables the use of directed evolution approaches for the development of new 

drugs, reducing significantly the input required from humans; both resource- 

and thought-wise. Some companies are already pursuing antibody based 

approaches to treatment of bacterial infections (with 12 in clinical trial bas of 

2015 [122]), a detailed discussion of which is beyond the scope of this work 

apart from to say the associated costs of production, and the therapeutic 

mechanisms of action can render the approach unattractive. However a class of 

proteins do naturally exist that exhibit antimicrobial properties; antimicrobial 

peptides.  
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Antimicrobial peptides exist across all domains of life, and are typically 

organised by their structural features: alpha-helical, beta-sheet, or 

extended/random coil [123]. They are used by hosts as an innate defence 

mechanism, however, also appear to exhibit other properties such as 

immunomodulation, antifungal activity, and anti-cancer activity. Typical 

mechanisms of action include membrane disruption, and inhibition of 

intracellular essential processes [124]. The AMP used in this work, (LL37), is a 

cationic, amphipathic, alpha-helical human member of the cathelicidin family 

[125]. LL37 targets both gram-positive and gram-negative bacteria and disrupts 

the membrane by the ‘toroidal-pore’ method whereby unstructured LL37 

molecules oligomerise on the negatively-charged bacterial membrane, and 

cause strain on the membrane. Release of this strain is achieved by the 

creation of ‘toroidal pores’ that are stabilised by the amphipathic alpha-helical 

structure of LL37. These pores lead to leakage of intracellular components and 

disruption of cell wall biosynthesis.   

 

Whilst one could use these naturally occurring peptides directly, this has been 
tried and appears to be limited in success [126,127]. Issues tend to arise with in 

vivo proteolytic degradation, or rapid renal clearance. A second key point is that 

antimicrobial peptides have not evolved in hosts solely as antibacterial agents, 

and thus may well be unoptimized for the task. Instead, it would be of great 

interest to be able to evolve these peptides in vitro for improved antibacterial 

activity, or to screen entirely naïve libraries for antibacterial activity.  

 

The desire to screen and evolve AMPs in vitro is limited by their very nature. 
AMPs are antimicrobial, which significantly limits the platforms that can be used 

for screening. Traditional workflows utilising E. coli expression would be difficult, 

although recent work using surface display of peptides, and NGS-based 

analysis of sequence depletion have proven somewhat successful [128]. Use of 

secretory cell lines, and sensor target cells in nanolitre-scale reactors have also 

shown promise [109]. However, both can still be subject to loss of interesting 

variants due to lysis or stasis of the expression host. Alternatives exist in the 
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form of chemical peptide synthesis and micro-titre plate-based screening, 

however these are severely limited by cost and thus, scalability. A useful 

addition to the toolbox of antimicrobial peptide development would be an 

entirely in vitro screening platform that functions at an ultra-high throughput 

scale enabling powerful directed evolution/discovery experiments to be 

undertaken.  

 

The previously described polyacrylamide hydrogel bead display platform could 
be well suited to AMP development. The genotype for AMP variants can be 

linked to each bead, and the phenotype expressed entirely in vitro. These bead-

displayed AMPs could then be used in cell-based functional screens for 

bacteriolysis or bacteriostasis, and activity followed by fluorescence or 

absorbance-based techniques compatible with ultra-high throughput workflows, 

(FACS, FADS, or AADS).  

4.2 Results and discussion: 
 

4.2.1 Development of combinatorial library construction techniques 
 

Due to the short length of the genotype of antimicrobial peptides, LL37 for 
instance is only 111 bp long, it is possible to use alternative library construction 

and genotype linkage techniques to those previously discussed. The technique 

developed here is termed ‘splinted ligation’ and is an example of combinatorial 

construction. The idea of combinatorial construction has previously been used 

to generate unique barcodes for single-cell transcriptomic workflows [59], and in 

DNA encoded one bead one compound chemical library screening [8] however 

has not been extended to genotype construction. The idea as outlined in Figure 

33, relies upon splitting your total genotype into a desired number of fragments. 

For each fragment a desired number of variants are made. Each variant of a 

fragment is isolated monoclonally in a single compartment. Beads with a 

common DNA sequence already present are added to each compartment 

containing variants of the first fragment of your total genotype. The DNA within 

that compartment is then attached to those beads via the common sequence 
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already present on bead. These beads are then recovered, pooled, and 

washed. These beads are then added to the compartments containing variants 

of the second fragment, and that DNA attached to the beads via the first 

fragment already present on those beads. This process is repeated for your 

desired number of fragments. 

 

This approach has three significant advantages over compartmentalised 

amplification approaches. Firstly, every bead will be linked to a DNA sequence, 

removing the effect of the Poisson distribution on workflow throughput. Linked 

to this is the fact that only one DNA sequence will be present on each of these 

beads, removing the effect of the Poisson distribution on producing beads 

linked to 2 or more genotypes and the associated negative effect on the quality 

of a screening workflow. Secondly, library size is theoretically infinite, as it is 

defined by the number of iterations possible rather than the number of unique 

compartments. For instance just four iterations of 384 different DNA molecules 

being added per iteration achieves a diversity of 3844 (21,743,271,936). Such 

diversity is achieved without resort to expensive or specialised equipment, 

requiring only a microtitre plate and a multi-channel pipette. Thirdly due to the 

lack of amplification, no bias should be introduced into the library allowing for a 

precisely defined coverage to be achieved. 
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Figure 33 Overview of combinatorial library construction. Individual library members are 
constructed via iterative rounds of adding unique fragments of a gene. Shown here is the 
example of polymerase extension in which the oligonucleotide immobilised on bead acts as a 
handle for binding a DNA fragment. The immobilised oligo is extended, templated by the 
associated DNA fragment. At the end of this DNA fragment is a common handle for the binding 
of a second DNA fragment for which the process is repeated. Importantly the DNA fragments 
are already present at a high concentration and are isolated in unique wells of a microtitre plate 
per sequence. Between rounds the beads are pooled, washed, and then split across all wells of 
a microtitre plate at random. This creates diversity in a combinatorial manner, e.g. 2 rounds of 
384 wells each creates 147456 unique DNA sequences. 

 

Two separate approaches to combinatorial construction were theorised. These 

differed in how the fragments would be assembled on bead; either utilising 

templated extension of the on-bead genotype by a DNA polymerase, or direct 

ligation of the incoming fragment to the on-bead genotype by T4 DNA ligase.   

 

4.2.1.1 Single cycle polymerase extension as a combinatorial on-bead 
genotype construction technique  
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As detailed in Figure 33, DNA polymerase extension of the immobilised on-

bead oligonucleotide, templated by an annealed oligonucleotide, could be used 

as a method of constructing genotype on bead in a combinatorial fashion. The 

process would proceed via rounds of annealing the incoming oligonucleotide to 

the immobilised oligonucleotide, addition of DNA polymerase (if a non-

thermostable enzyme is used) and dNTPs, incubation at an appropriate 

temperature for extension, washing of beads, and removal of the second-strand 

of DNA. This protocol follows closely that established by Klein et al in [59]. In 

their workflow the strand-displacing DNA polymerase Bst is used, requiring an 

extension temperature of ~60oC. Such a temperature necessitates the length of 

complementarity between each fragment to be ~20 nucleotides so that the two 

oligonucleotides remain annealed. For their use, barcode synthesis, 20 

nucleotide constant regions are unproblematic, however for the addition of 

genotype these ‘scars’ are undesirable. As such multiple polymerases were 

tested for their ability to catalyse the extension of on-bead oligonucleotide 

(Figure 34a). Of note is Bsu polymerase, another strand-displacing polymerase, 

which is capable of extending on-bead oligonucleotide with the highest 

efficiency of those tested at only 30 oC. Bsu polymerase was subsequently 

taken forward, and its optimum extension time tested in Figure 34b. Increased 

extension efficiency is observed up to 60 minutes, (the longest tested), 

suggesting that individual DNA polymerase molecules are catalysing multiple 

extensions throughout the time period. With the aim of reducing the ‘scar’ 

between cycles of genotype addition the required length of complementarity 

between template oligonucleotide and on-bead oligonucleotide was tested with 

Bsu polymerase at 30 oC, (Figure 34c). 3 bases of complementarity was found 

to give no signal over background, whilst an increase occurred for each 

increment of 4-6 bases of complementarity. The use of 6 bases of 

complementarity was then taken forward for the addition of 4 oligonucleotides in 

4 rounds, (Figure 34d). The full-length assembly efficiency was found to be 

~1%, (as compared to immobilised on-bead oligonucleotide), and exhibited an 

heterogenous distribution of signal. Alongside the data shown here, the physical 

handling of the beads became difficult after many cycles, tending to clump 

together and make washing difficult. The heterogenous full-length assembly 
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efficiency, and the difficult handling led to the conclusion that this approach was 

undesirable for large-scale library preparation.  

 
Figure 34 Development and testing of polymerase extension. (a-d) All experiments utilise 
addition of a 20 nucleotide sequence, and detection of the sequence with a complementary 
FISH probe conjugated to Cy5. On-bead oligonucleotide is detected via another complementary 
FISH probe also labelled with Cy5. (a) Four different polymerases were tested for their ability to 
extend the on-bead oligonucleotide templated by an annealed oligonucleotide. All were tested 
at 30 oC. (b) Bsu polymerase was used, and the effect of extension time was tested by halting 
the reaction after the displayed time periods by washing and incubation in NaOH. (c) The 
required complementarity between incoming oligonucleotide and on-bead oligonucleotide was 
tested by designing 4 oligonucleotides, each encoding the same sequence to be added but with 
3, 4, 5, or 6 bases of complementarity to the on-bead oligonucleotide. (d) The efficiency of 
combinatorial construction was tested by iterating through 4 rounds of extension using 6 base 
complementarity between incoming oligonucleotide and growing on-bead oligonucleotide. The 
final extension was probed with a sequence-specific FISH probe conjugated to Cy5. All data 
was acquired on a Cytek DxP8.  

 

4.2.1.2 Ligase-mediated combinatorial construction of on bead genotype 
 

To avoid the need to prepare the variants of each fragment of interest via PCR 

and restriction enzyme based digestion, it is desirable to be able to directly use 

synthetic oligonucleotides for genotype construction. It would be possible to use 

duplexed oligonucleotides however when purchasing large numbers of 

oligonucleotides it is desirable to minimise the number required to reduce cost. 

As such, a technique based upon the ligation of phosphorylated single-stranded 
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oligonucleotides to each other would be a significant improvement upon duplex-

based approaches. Unfortunately T4 DNA ligase is extremely inefficient at 

ligating single stranded DNA fragments. Thus, a technique was developed in 

which the single stranded fragments are held together at the ligation junction by 

a minimal ‘splinting’ oligonucleotide that is complementary to all variants of both 

fragments at the ligation junction. Within each well of a microtitre plate, single 

stranded oligonucleotides are phosphorylated by T4 PNK, beads are then 

added, and the phosphorylated oligonucleotides are captured by a short 

splinting oligonucleotide that is complementary to both the immobilised 

oligonucleotide and the incoming free, phosphorylated oligonucleotide. This 

technique is termed splinted ligation and is shown in Figure 35a.  

 

Splinted ligation achieves maximal bead linkage within just 5 minutes of 

reaction, (Figure 35b). It is possible to follow the addition of incoming 

oligonucleotide to beads through the use of a complementary Cy5-labelled 

FISH probe. This initial test utilised a splinting oligonucleotide that had 9 bases 

of complementarity to the incoming and bead mounted oligonucleotides either 

side of the ligation junction, resulting in an 18 bp constant region between the 

variable regions of each fragment of the total genotype. Thus, it would be 

desirable to reduce the required length of splinting oligonucleotide whilst still 

achieving high efficiency ligation. Splinting oligonucleotide lengths ranging from 

6 to 18 bases were tested at both 16 oC and 25 oC (Figure 35c). It was found 

that a 12 base long splinting oligonucleotide already achieved maximal ligation 

efficiency, meaning that at least a 12 bp constant region would be required in 

the gene for construction. Interestingly a slight difference was seen in the 

ligation efficiency with 8 and 10 base long splinting oligonucleotides between 16 
oC and 25 oC. The median RedFl1 signals for 8 and 10 base long splints at 

16oC were 1724 and 52466 respectively, whilst at 25 oC they were 1164 and 

45861 respectively. For the 8 base long splint these signals represent a 1.48 

fold improvement in ligation yield at 16 oC, and for the 10 base long splint a 

1.144 fold improvement in ligation yield at 16 oC. The apparent effect of 

temperature on ligation yield when using short splints suggests that formation of 

the limited duplex region at the ligation junction is at least part of the limitation 
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on efficiency of ligation when using short splinting oligonucleotides, rather than 

an intrinsic requirement of T4 DNA ligase for longer duplexes.  

 

Through the use of a Cy5 conjugated FISH probe against the on-bead 

oligonucleotide it was possible to quantify the percentage of the on-bead 

oligonucleotides that had been substrates for ligation. This experiment relies on 

two assumptions a) that all available ligation product and on bead 

oligonucleotides are detected with their respective FISH probes, (or at least the 

same fraction of both) and b) that the Cy5 fluorophore on both FISH probes 

fluoresces with the same intensity. As shown in Figure 35d, at a 1:1 molar ratio 

of incoming oligonucleotide and splinting oligonucleotide to on bead 

oligonucleotide only 63.5 % of on bead oligonucleotides appear to be used as 

substrates for ligation. To confirm that efficiency below 100 % was not due to a 

miscalculation of incoming oligonucleotide or splinting oligonucleotide 

concentration leading to a deficiency, both were added at 2x and 5x fold molar 

excess over on bead oligonucleotide. The increase in molar ratio did not result 

in an increase in fluorescent signal, or a significant change to the percentage of 

on bead oligonucleotides used as substrates for the ligation reaction. As the on 

bead oligonucleotide is accessible to its complementary FISH probe this would 

suggest that the incoming oligonucleotide and splinting oligonucleotide should 

also be able to access them. Instead the focus is placed on the accessibility of 

these oligonucleotides to T4 DNA ligase, or the presence of truncated on bead 

oligonucleotides that have lost the complementarity with the splint. Interestingly 

very similar, albeit lower, efficiencies of ~50 % of on-bead oligonucleotides 

being used as substrates for extension are reported by Klein et al when 

producing barcoded polyacrylamide beads for InDrop [59]. The repetition of this 

phenomenon in an entirely distinct enzymatic reaction suggests that the on-

bead oligonucleotides may be truncated. However, as the efficiency of 

extension is still high this issue was not considered further.  
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Figure 35 Development of splinted ligation. (a) Splinted ligation relies upon the formation of a 
minimal duplex at the ligation junction between two otherwise single-stranded oligonucleotides. 
The incoming oligonucleotide has been phosphorylated, and bears complementarity to one half 
of the splinting oligonucleotide. The second half of the splinting oligonucleotide bears 
complementarity to the on-bead oligonucleotide. The incoming oligonucleotide also contains a 
varied region, and then a second constant region for complementarity to one half of the 
‘splinting’ oligonucleotide used in the next round of gene assembly. (b) A time-course of ligation 
was carried out using an 18 base long splint. Non-splinted ligation was identical, except for the 
omission of this 18 base long splint. (c) A minimal duplex length was identified by testing splints 
with different total lengths of complementarity across the ligation junction. Length was always 
altered symmetrically, such that the reduction from 18 bases to 16 bases represents a change 
from 9 bases of complementarity either side of the ligation junction to 8 bases of 
complementarity either side of the ligation junction. This was carried out at 2 temperatures to 
investigate the effect of splint length on the thermal stability of the duplex. (d) The effect of the 
molar ratio of incoming oligonucleotide and splint to on-bead oligonucleotide was tested by 
using either an equal molarity, a 2-fold excess or 5-fold excess of incoming oligonucleotide and 
splint to on-bead oligonucleotide. In all experiments 1 million 20 μm, 50 μM beads are used per 
20 µl ligation reaction, and a 1:1 molar ratio of all oligonucleotides unless otherwise stated. All 
data was acquired on a Becton Dickinson Cytek DxP8.  

4.2.1.3 Use of degenerate splinting oligonucleotides for variation of 
neighbouring residues 

 

Despite reducing the required constant regions between the varied regions of 

each fragment to only 12 bases, (4 amino acids), in Figure 35c, it can still be 

desirable to vary regions/residues that are separated by less distance in 

physical sequence. Further reduction of the duplex region does not appear 

possible, thus the use of splinting oligonucleotides capable of binding diverse 

bases at the ligation junction were tested. It would be possible to purchase a 
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separate splinting oligonucleotide for each variant in this regime, however with 

the aim of reducing costs and complexity an alternative solution was designed. 

Oligonucleotides can be purchased with degenerate bases at defined positions, 

either consisting of ‘N’s (i.e. when synthesised, a pool is created with all 4 

bases being incorporated at those defined positions across the population) or 

“universal bases” such as deoxyInosine that are capable of forming hydrogen 

bonds with every other base (although not with equal efficiency). Multiple 

configurations and lengths of these were tested as indicated in Figure 36a. Here 

either three degenerate bases were included to allow for positions within 6 bp of 

each other to be randomised, or six degenerate bases to allow for neighbouring 

residues to be randomised. As shown in Figure 36b, it would be possible to 

diversify two neighbouring residues through the use of a 9(3N):(3N)9 splinting 

oligonucleotide, with the ‘N’ bases capable of base pairing with whichever 

bases are present on the bead-mounted and incoming oligonucleotides. The 

efficiency of ligation does appear to be effected however, with only 38.5 % of 

the possible ligation yield compared to using a perfectly complementary 9:9 

splinting oligonucleotide. It is likely that a large degree of mismatch base pairing 

is occurring at the ‘N’ positions, as the perfectly complementary oligonucleotide 

would only be present in this degenerate pool at 1 in 46 (4096) molar ratio to the 

incoming oligonucleotide and bead-mounted oligonucleotide. A 1:4096 molar 

ratio would give a ligation yield of 0.024 %, 1604-fold lower than is seen here. 

This calculation assumes that the oligonucleotide synthesis was perfectly 

balanced, a fact that is noted to be incorrect by the manufacturers, however, 

serves suitably for the purposes here. The mismatch base pairing is likely being 

supported/compensated for by the correctly paired bases either side of the 

degenerate positions. This is highlighted by the difference in ligation efficiency 

between 9(3N):6, and 6(3N):6 of 78.74 % and 60.54 % versus their fully 

complementary 9:9 and 6:6 splinting oligonucleotides respectively. The higher 

ligation efficiency for 9(3N):6 suggests that the extra complementary bases are 

compensating for possible thermal instability of the duplex, (an important factor 

noted in Figure 35c). 
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Figure 36 Use of degenerate splinting oligonucleotides to enable diversification of neighbouring 
residues (a) Overview of the different designs. ‘N’ indicates the presence of all 4 bases across 
the population of oligonucleotides, ‘I’ indicates the presence of the ‘universal’ base Inosine. (b) 
The efficiency of ligation with each design was tested using the standard splinting ligation 
procedure, and quantified with a sequence-specific FISH probe.  

4.2.2 Confirmation of splinted ligation as a monoclonal library-compatible 
combinatorial construction technique 

 

To confirm splinted ligation as a library-compatible approach a small 8-member 
library was constructed. It was decided to construct genes in reverse, i.e. 

starting from the 3’ end and building to the 5’ end. Reverse construction 

ensures that only full-length genes will have the T7 promoter added, and thus 

be expressible. It also works to reduce the impact of any errors in oligo 

synthesis, which are majorly truncated products. Truncated products can 

typically be removed with size-exclusion methods such as PAGE. These 

purification steps are expensive, which bears relevance to the construction of 

libraries where hundreds of oligonucleotides may be required. However, by 

constructing the gene in reverse, the 5’ end of the incoming oligo must be 

present and correct to base-pair with the splinting oligonucleotide, and thus be 
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ligated to the immobilised on bead oligonucleotide. This de facto size selection 

should prevent truncated products from being ligated to beads, whilst reducing 

the cost of constructing such libraries.  

 The LL37 gene was split into 3 fragments of 2 oligos each, leading to 23 

diversity of fully constructed peptide sequences. A final fragment is ligated on to 

these peptide sequences encoding solubility (SUMO-tag), capture (SpyTag) 

and release (WELQut protease cleavage site) tags as well as the T7 promoter 

and RBS for compatibility with in vitro expression. Quantitative PCR showed 

that on average >10,000 fully assembled constructs were present per bead 

(Figure 37a).  

 Emulsion in vitro expression and capture from and on single genotype-

linked PHD beads was carried out, with an equal number of genotype-negative, 

SNAP-SpyCatcher functionalised PHD beads added as a control. As evidenced 

in Figure 37b the expected ~1:1 distribution of Expression – and Expression + 

beads when stained with an anti-LL37 antibody is seen. A wide distribution of 

Expression + staining is seen, suggesting that some of the variants created 

might affect the epitope of the anti-LL37 antibody. Figure 37 demonstrates for 

the first time the successful in vitro expression of an anti-microbial peptide, and 

lays the groundwork for ultra-high throughput phenotypic screening of these.  
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Figure 37 Analysis of the combinatorial construction and in vitro expression of a small library of 
LL37 on polyacrylamide hydrogel displays beads(a) qPCR analysis of fully-assembled genotype 
per bead. Primers were designed for qPCR such that one would bind the first fragment added, 
and the other the final fragment added. Thus, only full-length constructs should act as templates 
for qPCR amplification. 500 beads were analysed per replicate for both the no template control 
beads (NTC) and the library beads. The mean of each triplicate is shown with a horizontal line. 
(b) FACS analysis of the display of the LL37 library on PHD bead after emIVTT. An equal 
number of genotype positive, and genotype negative beads were mixed, and functionalised with 
SNAP-SpyCatcher. These beads were then encapsulated on chip for emIVTT. The expression 
and capture of the LL37 library was probed with an anti-LL37 antibody (LL-37 Antibody (D-5), 
SantaCruz Biotechnology) followed by detection of the primary antibody with an anti-mouse 
AlexaFluor488 antibody (Goat anti-Mouse IgG (H+L) AlexaFluor488, Invitrogen)  

4.2.3 Development of ultra-high throughput compatible antimicrobial assays 
Whilst development of genotype construction and validation of functional 

antimicrobial peptide expression was occurring, it was also necessary to 

develop and/or test bacteriolytic assays that are compatible with ultra-high 

throughput techniques. These would use fluorescent or absorbent readouts so 

that either fluorescence activated cell sorting (FACS), fluorescence activated 

droplet sorting (FADS) or absorbance activated droplet sorting (AADS) could be 

used.  

4.2.3.1 Use of the polyacrylamide hydrogel bead as a fluorescent sensor for 
bacteriolysis 

Where a fluorescent readout is used it would be highly desirable to make it 

compatible with FACS rather than FADS to enable the use of less-specialised 

equipment, and more robust technology. No such assay was found in the 

literature, as such one was designed and tested. It relies upon the use of the 
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hydrogel beads as a simultaneous display of phenotype and sensor for 

induction of bacteriolysis. The use of beads as a sensor is achieved by 

encapsulating beads functionalised with SNAP-SpyCatcher with cells that are 

expressing GFP-SpyTag. If lysis is triggered, then the GFP-SpyTag will be 

released from the cytoplasm of the expressing cells into the lumen of the 

droplet. Once released, the GFP-SpyTag is free to react with the SpyCatcher-

functionalised bead within the same droplet. In the context of a library screening 

workflow the bead would also have delivered the peptide variant that triggered 

lysis of the cells in that droplet. The degree of lysis should also correspond to 

the amount of GFP-SpyTag released, and thus able to be captured on the bead. 

Upon de-emulsification these beads can then be assayed for the amount of 

captured GFP-SpyTag and, thus, by proxy, the degree of lysis triggered by the 

peptide that was encoded by the DNA attached to that same bead. This idea 

was tested in principle by functionalising hydrogel beads with SNAP-

SpyCatcher, and co-encapsulating them with bacteria expressing GFP-SpyTag. 

Two conditions were tested, negative for LL37, and positive for the addition of 

purified LL37 at 100 ug/ml. As shown in Figure 38a, the capture of GFP-SpyTag 

can only be seen on beads that had been co-encapsulated with LL37. Detection 

via FACS, with ~12-fold signal over background, is shown also (Figure 38b). 

The data thus suggest that capture of release GFP-SpyT can be used as a 

suitable assay for detecting the lysis of cells. Alterations should however be 

made to ensure the robustness and quality of the assay. Notably, the use of 

orthogonality would be highly desirable here, (as discussed in Chapter 2). It 

would be hoped that expression of AMP as a fusion to SpyTag would saturate 

all of the available SpyCatcher molecules, however across a library this cannot 

be guaranteed, as such secondary addition of an orthogonal capture entity is 

desirable (to ensure that if some beads are not saturated, they cannot act to 

bind more released GFP and bias their signal). Orthogonality can be achieved 

by making beads functionalised with both benzyl guanine and chloroalkane. 

SNAP-SpyCatcher can then be added prior to emIVTT to capture the AMP-

SpyTag fusion. After emIVTT, the beads can be functionalised with Halo-

SnpCatcher, that will react with the chloroalkane on bead. Importantly 

SpyCatcher/SpyTag and SnpCatcher/SnpTag are orthogonal to one another. 

The assay can then be conducted with cells expressing GFP-SnpTag instead of 
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GFP-SpyTag, such that upon lysis the GFP-SnpTag will react with the available 

Halo-SnpCatcher. It would also be desirable to increase the sensitivity of the 

assay as 100 ug/ml of LL37 is ~10 x its estimated LD50, and represents a 

concentration difficult to achieve with in vitro expression. As such, different lysis 

conditions can be tested including; buffer composition (as LL37 is known to be 

sensitive to osmolarity), growth stage of the target cells, or number of 

encapsulated cells.  

 
Figure 38 Development of a FACS-compatible bacteriolytic assay (a,b) E. coli expressing 
GFP:SpyTag were encapsulated in microfluidic droplets with polyacrylamide hydrogel beads 
functionalised with SNAP-SpyCatcher. Two populations were made +/- LL37 at 100 ug/ml. 
Droplets were incubated for 6 hours at 37oC, then de-emulsified. Beads were washed via cycles 
of centrifugation and vortexing. (a) Fluorescent microscopy of the two populations. Unlysed 
bacteria are still visible in both conditions, representing both incomplete lysis and incomplete 
washing. The scale bars represent 200 μm. (b) FACS analysis of the same bead populations.  

4.2.3.2 Development of a native ultra-high throughput bacteriolytic assay 
 

Whilst fluorescence measurements typically represent highly sensitive means of 

detecting a phenotype of interest, the previously described approach requires 

the transformation of bacterial cells and the subsequent expression of a 

recombinant protein. Recombinant protein expression is suitable for tractable 

bacteria such as E. coli, however its use as a generic assay for bacteriolysis 

would not be suitable for non-model organism strains. As non-tractable bacteria 

represent a pressing group for drug development, a generic assay is highly 

desired. As such an assay based upon the absorbance of light at 600 nm was 
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designed and tested. 600 nm represents the typical wavelength used for the 

estimation of bacterial concentration as the cell wall absorbs at this wavelength, 

but other biological macromolecules do not. Lysis of cells can be followed by a 

reduction in the absorbance at 600 nm. Previous work in the Hollfelder lab 

developed an absorbance-activated droplet sorting chip [53] that would be 

suitable for following the lysis of bacteria at ultra-high throughput. An initial 

experiment was carried out to establish the ability to detect bacteria in droplets 

by creating two populations of droplets simultaneously (an OD600=14 culture, 

and a blank solution), and measuring their absorbance, (Figure 39a). A clear 

difference is seen between the detected signal of the two populations. As such 

a second experiment was carried out to test the ability to detect lysis of cells in 

droplets, which should result in a reduction of the absorbance of light at 600 nm, 

(and thus an increase in the value of the signal detected). As seen in Figure 39b 

encapsulation of cells with a lytic agent results in a return of signal to near 

blank. The distinction between lysed and non-lysed cell populations suggests 

that the approach could also be used as an ultra-high throughput assay for 

bacteriolysis. It should however be noted that this experiment used ampicillin as 

the lytic agent.  

 
Figure 39 Development of a label-free bacteriolysis assay (a) Top: image of the two droplet 
populations (OD=14, and blank), bottom: detected absorbance signal on chip. A decrease in 
voltage represents less light being detected, representing increased absorbance of the droplet 
passing the detector. (b) Plots of the absorbance values for droplets of each condition. Lysis of 
cells at OD=14 was triggered by incubation with Ampicillin in droplet for 3 hours.  
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4.3 Conclusions and outlook 
 

In this chapter a new gene synthesis and simultaneous on-bead monoclonal 

library construction technique is demonstrated. Through the use of short 

‘splinting’ oligonucleotides diversified fragments of a gene can be assembled on 

bead in a combinatorial manner. Diversity is created in an iterative manner, 

leading rapidly to extremely large libraries. The on-bead constructed 

monoclonal libraries are compatible with emulsion based in vitro expression. 

Construction, and expression of the antimicrobial peptide LL37, and variants 

thereof are demonstrated. Initial steps towards ultra-high throughput cell-based 

functional screening of antimicrobial peptides were undertaken. Lysis with a 

bacteriolytic antibiotic can be detected through the use of AADS, representing a 

label-free method of detecting the lysis of any desired bacteria. Fluorescence 

based methods of lysis detection were also demonstrated, notably using the 

beads as both a display moiety and a sensor through the capture of tagged 

GFP released from lysed bacteria in droplets. Capture of GFP then makes the 

workflow compatible with more standardised equipment, (FACS), than droplet-

based sorting technologies.   

 

Future steps will include extending the library construction to a greater number 
of variants. These can either be naïve, i.e. random sequences without previous 

annotation as antimicrobial peptides, or consist of known antimicrobial 

sequences. Interesting library designs could consist of shuffling the sequences 

of known peptides to create chimeric libraries, or site-saturation of positions of 

interest within one known peptide. The monoclonal construction of genotype 

should be confirmed by sorting the PHD beads to single bead per well of a 96-

well plate and sequencing the assembled constructs on each. The efficiency of 

each ligation step should also be tested to investigate why fully assembled 

constructs per bead number only 10,000. The efficiency at each step can be 

easily followed by the design of FISH probes against each added fragment.  

 

Further work on assay development, and compatibility of bead-displayed 

antimicrobial peptide with these assays will also be required. Notably testing the 
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absorbance assay with antimicrobial peptide rather than a bacteriolytic 

antibiotic, and the use of alternative bacterial strains other than E. coli would be 

necessary.  

 

The technologies described herein are applicable to other areas also, 

representing a facile method of preparing extremely large DNA libraries without 

amplification bias. If monoclonality per bead is not required, and instead the 

beads are used simply as a handle for purifying assembled fragments between 

rounds, then a theoretical diversity of 1.2 x 109 per bead could be readily 

achieved, (through the use of 4.19 pL beads with 500 μM of immobilised 

oligonucleotide). The use of 10 million beads would then enable a total diversity 

of 1.2 x 1016 sequences to be assembled without any associated amplification 

bias or errors.  

 

Splinted ligation could also find use in the generation of barcoded 

polyacrylamide hydrogel beads for single-cell transcriptomics. Splinted ligation 

offers a number of benefits over the Bst 2.0 DNA polymerase based extension 

split and pool approach used by Klein et al. [59]. Notably the polymerase based 

approach handles only 40,000 beads per ~20 μl reaction, whereas splinted 

ligation can act on 1 million beads per ~20 μl reaction. Secondly, the efficiency 

of extension appears to be higher for splinted ligation than polymerase 

extension; ~65% vs. ~50 %, potentially leading to a greater number of final full-

length barcoded oligonucleotides per bead and thus, easier coverage of a 

single cell’s transcriptome. Thirdly, the extension reaction directly uses the 

synthesised oligonucleotide in the final extended product, whereas polymerase 

extension uses the synthesised oligonucleotide as a template for extension of 

the on-bead product potentially introducing errors. Finally, the length of the 

constant region between varied regions can be reduced to 12 bases with 

splinted ligation, whereas Bst based polymerase extension uses a 22 base long 

constant region. Over multiple iterations of diversity generation the length of 

constant region adds up, and reduces how far into a barcoded transcript can be 

sequenced due to the length limitations imposed by current sequencing 

technologies (300 base long reads for Illumina MiSeq).  
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5 General conclusion and outlook 

Polyacrylamide hydrogel bead display has been developed as a modular, 

robust, versatile, cheap and ultra-high throughput technology. Modularity has 

been demonstrated by the post genotype-linkage functionalisation of beads for 

protein capture, the orthogonality of protein capture, the separation of 

phenotype expression from a desired assay, and the control of multimeric 

assembly and photocleavable release of library proteins. Robustness has been 

demonstrated by the covalent capture of proteins over a dynamic range of over 

5 orders of magnitude, and the subsequent stability of the captured protein. 

Versatility is demonstrated by the display of four different classes of proteins: 

scFvs, DARPins, fluorescent proteins, and antimicrobial peptides, the use of 

three different genotype linkage techniques: PCR, emRCA, and splinted 

ligation, the compatibility with a variety of assays: affinity, apoptosis, 

bacteriolysis, and even the use of PHD beads as a sensor for a desired assay. 

The cost and ultra-high throughput nature of the technology are highly linked, 

mostly via assay miniaturisation through high compatibility of polyacrylamide 

hydrogel display with droplet-based microfluidics. Assay miniaturisation reduces 

costs by directly consuming fewer resources, whilst also enabling a greater 

number of assays to be carried out in a shorter timeframe. A shorter timeframe 

can reduce costs even further due to fewer ‘man-hours’ being required for drug 

discovery. Modularity, robustness, versatility, and low cost were chosen as key 

design tenets for this nascent technology with the aim of expanding the scope 

of protein-based therapeutics beyond high profile diseases with large enough 
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potential markets to support the currently costly process of protein-based drug 

discovery and development.  

 

The work of Chapter 3 highlights that working with antibodies is not non-trivial, 

and can be seen as a limited field for future improvements to drug discovery if in 

vitro technologies are not highly compatible. Antibodies are of high interest now, 

however a number of alternative scaffolds are reaching relative maturity, (as 

measured by the clinical trial stage reached). Notably DARPins offer high 

compatibility with in vitro expression discovery technologies (ribosome display, 

SNAP display, and polyacrylamide hydrogel bead display) and the associated 

advantages these can have (e.g. throughput, and assay compatibility) over in 

vivo discovery technologies. A potential impact of the use of in vitro discovery 

technologies is the reduction of time required for drug discovery, alongside a 

reduction in associated costs and an expansion of the available assays. The 

compound impact of these advances could most be felt if applied to otherwise 

neglected diseases. This impact is particularly true for diseases requiring rapid, 

and expansive drug discovery yet presenting limited market opportunities for 

established biologics companies. An exciting potential application of alternative 

protein scaffolds and in vitro discovery technologies could be the treatment of 

snake bite envenomation (For an extended review of this please see [129]).  

 

Outside of the potential impact of in vitro technologies and alternative protein 

scaffolds, recent advances in antibody drug discovery have also reduced the 

potential entry barrier to drug discovery. Of particular interest has been the 

advancement of deep analysis of the single-cell immune repertoire: either at the 

sequence level [65,66,130], or the functional level [39,40]. Correct pairing of 

Immunoglobulin heavy and light chains from single cells for subsequent library 

construction produces a library that should be heavily enriched for functional 

native antibody sequences that have already been affinity matured against a 

desired target (if acquired from an immunised or disease-effected organism). 

Direct high-throughput functional analysis of the antibodies produced by 

individual primary immune cells is of great interest as lead antibodies can be 

identified extremely rapidly, with the knowledge that they function in the full IgG 

format. However either the throughput, or the assay quality is limited in current 
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approaches. A potential improvement to these approaches could include the 

use of polyacrylamide hydrogel beads functionalised for native antibody capture 

being co-encapsulated with single primary immune cells in an agarose matrix 

using droplet-based microfluidics. The bead:cell pairing can be maintained after 

deemulsification through the gelation of the agarose matrix around both. This 

bead:cell unit can then be analysed via FACS and fluorescent based assays for 

multiple characteristics; e.g. antigen binding affinity, or specificity, or the 

glycosylation status of secreted antibodies. This potential use of polyacrylamide 

hydrogel display benefits from the microfluidic compatibility of the beads, and 

their ability to be close-packed on chip, as well as the high binding capacity 

available per bead. Subsequent compatibility with FACS reduces the necessary 

technology required for single cell immune repertoire analysis.  
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6 Materials and Methods 

6.1 Materials 

6.1.1 Buffers and solutions 

 
Table 5 List of buffers and solutions used in this work  

Name Composition Use

Bead wash buffer 10 mM Tris-HCl, 100 mM NaCl, 0.1 % Tween-20 PHD bead handling

PURE buffer 50 mM HEPES, 100 mM KCl, 10 mM MgCl2 In vitro expression PHD bead buffer

SPRI wash buffer 70 % EtOH, 0.1 % Tween-20 Washing SPRI beads during DNA purification

2 YT 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl pH 7.0 Bacterial growth media for protein expression 

Binding Buffer A 500 mM NaCl, 10 mM imidazole, 20 mM Tris-HCl, pH 8.0 Protein purification

Wash Buffer A 500 mM NaCl, 30 mM imidazole, 20 mM Tris-HCl, pH 8.0 Protein purification

Binding Buffer B 500 mM NaCl, 20 mM Tris-HCl, pH 7.5 Protein purification (scFv)

Wash Buffer B 500 mM NaCl, 5 mM imidazole, 20 mM Tris-HCl, pH 8.0 Protein purification (scFv)

Elution Buffer 500 mM NaCl, 500 mM imidazole, 20 mM Tris-HCl, pH 8.0 Protein purification 
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Oligonucleotides 

 
Table 6 List of oligonucleotides used in this work  

Oligonucleotide name Sequence (5’-3’) Use

F IVTT GATATAGGCGCCAGCAACCGCAC In vitro expression amplicon production

R IVTT GCGACCACACCCGTCCTGTG In vitro expression amplicon production

F IVTT Cy5 [CY5]GATATAGGCGCCAGCAACCGCAC FISH probe

Anti R IVTT Cy5 [CY5] CACAGGACGGGTGTGGTCGC FISH probe

Anti 3’ IVEX FAM [FAM] TTAGCAGCCGGATCCTATTA FISH probe

R WELQ BsaI Tag CAAGCTGGTCTCCCTGCAACTCCCATGCTGCCG Addition of TypeIIS restriction site for 
expression region ligation 

Splint T7 TTTGCTCACAGG Splinting oligonucleotide

T7 Synthetic
AGCAAAAAACCCCGCGAGACCCCCGAAGAGGCCCCGCGGGGTTATGCTAGTTATT
GCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCT Coding oligonucleotide

Splint LL37 3/3-3' TAGTGAAGGAAG Splinting oligonucleotide

LL37 3/3 WT TCACTAGCTTTCGGTACGCGGAACCAGATTACGCAGAAAATCTTTGATGC Coding oligonucleotide

LL37 3/3 R TCACTAGCTTTCGGTACGCGGAACCAGGCGACGCAGAAAATCTTTGATGC Coding oligonucleotide

Splint LL37 2/3-3/3 TTCAGCGCATCA Splinting oligonucleotide

LL37 2/3 WT GCTGAACAATACGCTTAAACTCTTTGCCGAT Coding oligonucleotide

LL37 2/3 Q GCTGAACAATACGCTTAAACTCCTGGCCGAT Coding oligonucleotide

Splint LL37 1/3-2/3 GAGAAAATCGGC Splinting oligonucleotide

LL37 1/3 WT TTTCTCTTTGCTTTTGCGAAAAAAATCACCCAGCAG Coding oligonucleotide

LL37 1/3 N TTTCTCTTTGCTTTTGCGAAAAAAGTTACCCAGCAG Coding oligonucleotide

WELQ Splint GCAGCTGCTGGGT Splinting oligonucleotide

Random hexamers Ac-NNN*N*N*N emRCA

F SpyT GCCCACATCGTGATGGTG qPCR

T7t GCTAGTTATTGCTCAGCGG qPCR

R Frag 1 Reverse 
complement

GGCTTGAGTGGATGGGATGG Coding oligonucleotide

9mer RF1 R IVTT Link ACTCAAGCCCACAGGACG Splinting oligonucleotide

8mer RF1 RIVTT link CTCAAGCCCACAGGAC Splinting oligonucleotide

7mer RF1 RIVTT link TCAAGCCCACAGGA Splinting oligonucleotide

6mer RF1 RIVTT link CAAGCCCACAGG Splinting oligonucleotide

5mer RF1 RIVTT link AAGCCCACAG Splinting oligonucleotide

4mer RF1 RIVTT link AGCCCACA Splinting oligonucleotide

3mer RF1 RIVTT link GCCCAC Splinting oligonucleotide

6:6 Ino CAAIIICACAGG Splinting oligonucleotide

6:6 NNN CAANNNCACAGG Splinting oligonucleotide

9:6 Ino ACTCAAIIICACAGG Splinting oligonucleotide

9:6 NNN ACTCAANNNCACAGG Splinting oligonucleotide

9:9 INO x6 ACTCAAIIIIIIAGGACG Splinting oligonucleotide

9:9 N x6 ACTCAANNNNNNAGGACG Splinting oligonucleotide

R Frag 1 Cy5 [CY5]CCATCCCATCCACTCAAGCC FISH probe

R Frag 1 F IVTT CCATCCCATCCACTCAAGCCGATATAGGCGCCAGCAACCGCAC Polymerase extension 

Oligo A ATACAGCCTCGTGCGG Polymerase extension

Oligo B CAGAACCTTAATACAG Polymerase extension

Oligo C CTGTCGGGTTCAGAAC Polymerase extension

Oligo D GTCTGAATAGCTGTCG Polymerase extension

anti-oligo D Cy5 [Cy5] GTCTGAATAGCTGTCG FISH probe
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6.2 Mammalian cell-based work 

6.2.1 Cell culture 
 

The HeLa cell line was cultured in Dulbecco's modified Eagle's medium 

(DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS; Sigma) and 

antibiotics (1% penicillin–streptomycin, Sigma) at 5% CO2, and 37 °C. To 

dissociate the cells from the flask for passaging, they were trypsinised with 2.5 

ml of 1% trypsin in PBS per 75 cm3 flask for 5 min, at 37 oC. 

6.2.2 Apoptosis assays 
 

Cells were diluted to 3 x 105 cells/mL in DMEM media, 100 uL added to 

individual wells of a 96-well tissue-culture plate and grown overnight. The next 

day apoptosis was induced for 2 hour with indicated reagents, and 

cycloheximide (33 ug/ml) at 37 oC. Two separate apoptosis assays were used, 

both measuring the activation of caspases 3/7. One kit, (Caspase-Glo 3/7 assay 

kit, Promega) produced a luminescent readout upon activation. 100 μl of assay 

reagent was added after apoptosis induction and incubated at room 

temperature for 1 hour. Luminescence was then measured on a FLUOstar 

OPTIMA, BMG luminometer. The second assay kit, (NucView® 488 Caspase-3 

Substrate, 1mM in DMSO, Biotium) produced a fluorescent readout for caspase 

activation. Cells were pelleted, and media removed. 50 μl of Nucview substrate 

at 5 μM in PBS-based cell dissociation buffer was then added, and incubated 

for 15 mins at room temperature. Fluorescence was then measured by FACS 

(Cytek DxP8 or Attune NxT) or fluorescent plate reader (Tecan).  

6.3 Polyacrylamide hydrogel bead production and related 
techniques: 

6.3.1 PHD bead generation by flow-focussing 
 

Acrydite-modified oligonucleotides are purchased from IDTDNA. Acrydite-

benzyl guanine was synthesised in house through the reaction of BG-PEG-NH2 

(NEB, S9150S, 10 mM) with Methacrylic acid N-hydroxysuccinimide ester 
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(Sigma, 730300, 10 mM in DMSO overnight at room temperature. Acrydite-

chloroalkane was synthesised in house through the reaction of HaloTag Amine 

(O4) Ligand (Promega, P6741, 5 mM) with Methacrylic acid N-

hydroxysuccinimide ester in the same manner. These can then be incorporated 

into polyacrylamide hydrogel beads at defined concentrations via encapsulation 

of unpolymerized hydrogel mix (Table 7) in microfluidic droplets. Encapsulation 

is via traditional flow-focussing, allowing for different size beads to be made 

through the use of different flow-focussing geometries. For instance 20 μm 

hydrogel beads are made at a rate of ~11 kHz by flowing aqueous at 4 uL/min 

and sheath fluid at 8 uL/min. After encapsulation the emulsion is incubated 

overnight at 65 oC, under 200 μl of mineral oil, (Sigma, M5904). The next day, 

polymerised hydrogel beads are recovered by breaking the emulsion with 800 

uL of wash buffer, and 200 uL of 100 % 1H,1H,2H,2H-Perfluorooctanol (PFO, 

Alfa Aesar, B20156). The tube is inverted several times until emulsion is 

broken. The aqueous bead-containing phase is recovered into a fresh tube. 

Large polyacrylamide particles are removed by passing the solution through a 

10 μm filter (CellTrics) for 30 seconds at 200 x g. Hydrogel beads are then 

counted on a haemocytometer (KOVA Glasstic). These beads are then stored 

at 4 oC in wash buffer.  

 
Table 7: Hydrogel mix for production of functionalised polyacrylamide hydrogel beads.  

Mixture Material and stock concentration Volume (ul )
Unpolymerised

hydrogel mix

Tris-HCl (100 mM, pH 8.0)

NaCl (5 M)

EDTA (0.5 M)

Acrylamide (40 %)

Bis-acrylamide (2 %)

APS (10 %)

Acrydite-oligonucleotide (1 mM)

Acrydite-benzyl guanine (5 mM)

Acrydite-chloroalkane (5 mM)

Water

50

1.5

1

75

47.5

15

X

X

X

Up to 500

Sheath fluid for 

encapsulation

RAN (10 %)

TEMED (100 %)

HFE-7500

135 

4

861
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6.3.2 PHD bead generation by emulsion RCA, and picoinjection  
 

DNA concentration is estimated using a Qubit fluorometer, and a Qubit dsDNA 

HS assay kit, (ThermoFisher, Q32854) per manufacturer’s protocol. DNA is 

then diluted to a 20x stock of a desired concentration (e.g. 1 plasmid per 3 

droplet volumes). The RCA reaction uses Genomiphi V2 DNA amplification kit, 

(GE Healthcare, 25-6600-31). 5 μl of the 20x DNA stock is then added to 45 μl 

of sample buffer, and heated to 95 oC for three minutes followed by immediate 

cooling on ice. 45 μl of reaction buffer is then added, alongside 5 μl of acrydite-

modified hexamers with the final 3 bases phosphorothioate bonded for 

exonuclease protection (IDTDNA), and 1 μl of enzyme mix.  

 

Syringe, tubing and chip are blocked with tip blocking buffer to reduce 

background adsorption of DNA. Syringe and tubing are filled with tip-blocking 

buffer, and a 5 cm air-gap made in the tubing before aspiration of the RCA 

reaction mix. Encapsulation of the RCA mix occurs on the 20 μm flow-focussing 

chip with an oil flow rate of 5 μl/min, and an aqueous flow rate of 2 μl/min. All oil 

discussed here refers to HFE-7500 with 2 % RAN. Emulsion is collected into an 

inverted, sealed, oil-filled Eppendorf tube prepared with 2 tubing outlets at each 

end (Figure 40). One outlet plugs into the emulsion outlet on chip, whilst the 

other allows for oil to be pushed out by the collected emulsion. After collection 

the emulsion chamber has the oil outlet tubing end plugged with a syringe, and 

is then incubated at 30 oC overnight.  

 

Successful amplification of DNA in droplet can be visualised prior to 
picoinjection by collecting a small volume of emulsion (1 uL) in 18 uL of oil, and 

1 uL of 20x SYBR Safe DNA stain, (ThermoFisher, S33102). 10 μl of stained 

emulsion can then be added to a haemocytometer, and fluorescently imaged, 

(Evos FL microscope). 

 

The emulsion can then be used to make PHD beads through picoinjection of 

polyacrylamide mix. The emulsion will have formed on top of the oil layer, thus 

causing the emulsion to become closely-packed. The syringe connected to the 



Polyacrylamide hydrogel bead display for ultra-high throughput screening and evolution of 
therapeutic proteins 

 

oil outlet tubing of the emulsion chamber can then be used to push the emulsion 

out of the chamber by flowing oil into it. The emulsion outlet tubing is plugged 

into a picoinjection chip. Emulsion is pushed with a flow rate of 1 μl/min, spacer 

oil at 2.2 μl/min and polyacrylamide mix (2x stock solution) at 0.6 μl/min. An 

electrode opposite the picoinjection nozzle is filled with 5 M NaCl, connected to 

1 mL plastic syringes by a metal needle (BD Microlance 3 Needles Orange 25g 

x 1"). Crocodile clips are attached to the metal of the needle, and connected to 

an electric field generator set to: Square wave, 10 kHz frequency, 1.5 Vpp 

amplitude. Emulsion is collected under 200 μl of mineral oil, and incubated at 65 
oC overnight. The protocol then follows that described for flow-focussing 

generate PHD beads.  

 
Figure 40 Image of an emulsion chamberDroplets enter and exit through the top tubing 
connected to a microfluidic chip. The bottom tubing is used to allow flow of oil in and out of the 
chamber.  

6.3.3 Splinted ligation for genotype linkage to PHD beads 
 

Incoming oligonucleotides (210 pmol) are phosphorylated with T4 PNK (NEB) in 

a 20 μl reaction at 37oC for 30 minutes, followed by heat inactivation at 65 oC 

for 20 minutes. ATP is supplied by using T4 DNA ligase buffer instead of T4 

PNK reaction buffer.  

 

Phosphorylated oligonucleotides are then added to a 20 μl ligation reaction with 

a million 20 μm PHD beads (in water) and an equimolar amount of splinting 
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oligonucleotide. The mix is heated to 95 oC, and cooled to the desired ligation 

temperature. 1 μl of T4 DNA ligase (NEB) is then added and the reaction 

vortexed, followed by incubation at the desired temperature for the desired 

length of time (typically 5 minutes). Beads are then washed three times in 

water, and the process repeated as desired.  

 

A constant expression region encoding T7 promoter, SUMO-tag, SpyTag and 
WELQut protease cleavage site is prepared by PCR amplification of template 

DNA. A reverse primer including a BsaI (NEB, R3733S) restriction enzyme site 

is used, designed to leave an overhang compatible with scarless ligation to on-

bead oligonucleotide with a complementary splinting oligonucleotide. Digestion 

of the PCR product is carried out as per manufacturer’s protocol. Digested 

product is purified with SPRI-beads, and eluted into water. Beads are prepared 

for ligation as per above, with the digested PCR product replacing the incoming 

oligonucleotides. 

6.3.4 Functionalisation of PHD beads for protein capture 
 

PHD beads are incubated with at least a 2-fold molar excess of SNAP-tagged 

protein or Halo-tagged protein in wash buffer for at least 1 hour, (overnight 

incubation is fine). Beads are washed by pelleting (table-top centrifuge), 

removing excess supernatant and adding wash buffer three times.  

6.3.5 emIVTT of PHD beads 
 

PHD beads functionalised for protein capture are then buffer exchanged into 

water or PURE buffer by 2 washes in the desired buffer. Buffer exchange is 

necessary as the wash buffer interferes with the IVTT reaction. Water can be 

used to swell the beads to a desired diameter, whilst PURE buffer can be used 

to reduce the diameter of PHD beads as desired. For close-packed 

encapsulation beads are pelleted, and all excess supernatant removed. The 

bead pellet is then aspirated into tubing attached to a syringe, and attached to 

an emIVTT chip. IVTT mix is prepared as per manufacturer’s protocol, without 

the water fraction, and also aspirated into tubing attached to a syringe. The 
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bead volume fraction of a droplet is calculated as the water fraction of a 

traditional IVTT reaction. Both bead and IVTT tubings are connected to an 

emIVTT chip at the respective inlets, and encapsulated at flow rates of: Beads 1 

μl/min, IVTT 3 μl/min, oil (6 μl/min). The emulsion is collected under 200 μl of 

mineral oil and incubated at a desired temperature for a desired length of time. 

Emulsion is broken into 800 μl of wash buffer and 200 μl of 100 % PFO. The 

aqueous fraction is collected and washed 3 times in wash buffer.  

 

6.3.6 Particle-templated emulsification 
 

1 million beads were pelleted, and the supernatant removed. The bead pellet 
was then added to 1 mL of HFE-7500 with 2% RAN. Emulsification was then 

carried out through the use of a tissue homogeniser, (Omni TH), for 1 minute on 

ice.  

6.3.7 Protein staining of PHD beads 
 

All incubation steps are carried out in wash buffer, with rotation. In the context 

of scFv staining, TRAIL-R1-Fc (RnD systems, 6949-DR-100) is added at 24.4 

nM for >1 hour. Beads are then washed three times in wash buffer, and 

incubated with Mouse anti-Human IgG1 Fc Secondary Antibody AlexaFluor488 

(ThermoFisher, A-10631) and THE HA Tag Antibody iFluor 647 mouse 

(Genscript, A01808) both at 1:100 dilutions for 30 minutes. Beads are then 

washed three times in wash buffer. In the context of DARPin staining, GFP is 

added at 1.34 μM for >1 hour, with THE HA Tag Antibody iFluor 647 mouse at 

1:100 dilution. Beads are washed three times in wash buffer.  

 

In the context of covalent bond formation (SpyTag-SpyCatcher, or SnpTag-

SnpCatcher) incubations are carried out in wash buffer with a desired 

concentration of protein to be captured. Incubations are left for >1 hour, 

(overnight for complete reaction). Beads are washed three times in wash buffer.  
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6.3.8 FISH probe staining of PHD beads 
 

All staining is in wash buffer. Fluorophore-conjugated oligonucleotides are 

purchased from Sigma. FISH probes are diluted to 10 μM, and 10 μl used to 

stain 100,000 beads in a 50 μl solution. The solution is heated to 95 oC for three 

minutes and cooled to room-temperature. Beads are then washed three times in 

wash buffer.  

6.3.9 Magnetic bead surface display 
Beads were prepared by washing in PBS-Tween, (0.05% v/v). Beads for 

capturing SNAP-tagged proteins were functionalised by addition of spiking 

anchors, (20 μL H2O, 20 μL 3x B&W buffer, 20 μL Spiking anchors), and 

shaking at room temperature for 15 minutes. Beads for capturing SpyTagged 

proteins were functionalised by addition of biotinylated SpyCatcher, (gift from 

Dr. Huovinen), (1 μL bio-SpyCatcher per 1.4 e6	beads in PBS-T), and rolling at 

room temperature for 1 hour. SpyTag coated beads for capture of SpyCatcher 

fusion proteins were pre-prepared by Dr. Lindenburg. Beads for capturing IgG 

antibodies were functionalised by addition of biotinylated Protein A, (gift from 

Dr. Mankowska), (7 μL bio-protein A per 1.4 e6	beads in PBS-T), and rolling at 4 
oC overnight. Tagged proteins were captured by incubating with appropriate 

beads for 2 hours at room temperature with rolling.  

 

6.4 Molecular biology  

6.4.1 Protein expression, purification and handling 

6.4.1.1 Bacterial expression  
 

Where traditional protein expression and purification techniques were used, 

common practices were followed. Expression was carried out in BL21-DE3 

cells, in 2YT media, and induced with IPTG when the culture reached an OD600 

of 0.6. IPTG concentrations and expression temperatures are indicated for 

specific constructs in Table 2. Periplasmic expression of scFvs was achieved by 



Polyacrylamide hydrogel bead display for ultra-high throughput screening and evolution of 
therapeutic proteins 

 

fusion to the pelB leader sequence for post-translational translocation through 

the Sec translocon.  

 
Table 8: Protein expression conditions 

6.4.1.2 Mammalian expression 
 

IgG expression was carried out at MedImmune using CHO cells by cloning the 
desired variable heavy and light chains into human IgG expression vectors. 

CHO cells were grown for 10 days at 37oC. Cells were pelleted and the 

supernatant recovered. IgG in the supernatant was purified by protein A affinity 

chromatography (GE Healthcare). 

 

6.4.1.3 In vitro expression 
In vitro expression of proteins was carried out using PURExpress (NEB) or 

Purefrex 2.1 (Genefrontier) as per the manufacturer’s protocols. For scFv 

expression disulphide-bond enhancers (NEB) were added to PURExpress, and 

DS supplement, and DnaK mix added to Purefrex 2.1. Expression was typically 

at 25oC overnight unless otherwise indicated.  

Protein construct IPTG concentration and 

expression temperature

Extraction 

technique

scFv-SpyTag 1 mM, 25 oC From media
SNAP-SpyCatcher 1x, 

3x, 5x

250 uM, 20 oC Lysozyme and 

sonication
Halo-SpyCatcher 1x, 6x 250 uM, 20 oC Lysozyme and 

sonication

SNAP-PhoCl-

SpyCatcher 1x and 3x

300 uM, 20 oC Lysozyme and

sonication

GFP-SpyTag 100 uM, 26 oC Lysozyme and 

sonication

GFP-SpyCatcher 100 uM, 26 oC Lysozyme and 

sonication
GFP-SnpTag 100 uM, 26 oC Lysozyme and 

sonication
mCherry-SpyTag 100 uM, 26 oC Lysozyme and 

sonication
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6.4.1.4 Purification  
Protein purification was always via IMAC, with Ni-NTA agarose resin (Generon) 

in Econo-pac gravity-flow chromatography columns. A bind, wash, elute 

protocol was followed; 15 ml binding buffer, protein fraction, 15 ml wash buffer, 

and 10 ml elution buffer.  

 

Periplasmically leaked scFvs were purified from culture media by initial 

concentration in a 400 ml stirred cell ultrafiltration unit (Amicon) with a 10K 

MWCO filter. After concentration the solution is adjusted to pH 8.0. Binding 

buffer B, and Wash buffer B were used for purification.  

 

Cytoplasmically expressed proteins were purified by pelleting cultures at 4000 x 

g for 10 minutes and removing the supernatant. The pellet was resuspended in 

40 mL PBS and centrifuged again at 4000 x g for 10 minutes followed by 

removal of the supernatant. The pellet was then resuspended in 20 mL binding 

buffer A, 5 mg lysozyme (Sigma), ¼ of a cOmplete EDTA-free protease inhibitor 

(Sigma) and 2 uL of benzonase (Merck). Cells were cooled on ice for 15 

minutes and then lysed by ultrasonication (VCX 130 with a 13 mm probe 

(Sonics), 50% intensity, 5 seconds on/8 seconds off, total 13 minutes, on ice). 

Lysed cells were incubated on ice (5 minutes), centrifuged to pellet debris (4000 

g, 10 minutes) and the supernatant taken for purification.  

 

6.4.1.5 Size-selection  
Where size separation and/or buffer exchange was required amicon ultra 

centrifugal filters were used. Appropriate molecular weight cutoff filters were 

chosen for the proteins used. Standard manufacturer protocols were followed, 

and buffer exchange was typically carried out 4 times at the maximum volume 

for the respective filter volumes (e.g. 0.5 mL filters had 4 x 0.5 mL buffer added) 

 

6.4.1.6 Analysis 
Novex 4-12 % Bis-tris SDS-PAGE gels were run to analyse protein solutions. 

Depending on the protein to be analysed either MES or MOPS was used as the 

running buffer, (for altered resolution as desired). Samples were prepared by 



Polyacrylamide hydrogel bead display for ultra-high throughput screening and evolution of 
therapeutic proteins 

 

heating at 70oC for 10 minutes in NuPAGE LDS Sample buffer. Gels were 

stained with InstantBlue (Expedeon) and destained in water.  

6.4.1.7 Photocleavage 
This protocol is provided by Christopher Mellor, and was developed in 

collaboration with myself.  

 

A custom-built 405 nm LED chamber was constructed using a M405F1ϴ LED 
source (ThorLabs) within a protective UV-opaque shell, powered by a LEDD21B 

T-Cube LED Driver (ThorLabs). Power was set using the LEDD1B analogue 

control, measuring power output using a S130C Photodiode Power Sensor 

(ThorLabs). 

For photocleavage of proteins in solution, 10 μl samples in inclined PCR tubes 

were placed at the LED output. For photocleavage of bead-bound samples in 

suspension, 50 μl samples in inclined PCR tubes were placed at the LED 

output. The sample was mixed by brief vortexing twice, evenly spaced through 

the total photocleavage time. For photocleavage of bead-bound samples in 

droplets, the oil layer was removed from the base of the collection tube by 

careful pipetting, leaving approximately 25 μL emulsion at the base of the PCR 

tube, which was inclined at the LED output. The sample was mixed by inversion 

twice, evenly spaced through the total photocleavage time 

6.4.2 DNA manipulation 

6.4.2.1 Amplification 
 

PCR was always carried out as per manufacturer’s recommendations, using 

predicted melting temperatures for the designed primers from NEB Tm 

calculator [131]. Where high-yield was required BioTaq polymerase (Bioline) 

was used, where emulsion PCR was carried out Titanium Taq (Takara bio) was 

used, and where high-fidelity was desired Q5 (NEB) was used.  
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6.4.2.2 Cloning, gene synthesis and transformation 
 

Restriction enzymes were purchased from NEB, and used as per the 

manufacturer’s instructions. Ligations used T4 DNA ligase from NEB. 

Alternative strategies for cloning were also used. Gibson assembly was used for 

scarless assembly of fragments as per [132].  

 

Synthetic genes were designed and ordered through GeneArt (ThermoFisher). 
Genes were optimised for E. coli expression. Cloning of synthetic genes into 

vectors used Gibson assembly, with the requisite homology arms already 

present in the designed and synthesis gene fragments.  

 

Heat-shock transformation of commercial alpha-select silver efficiency cells 

(Bioline) was carried out as per the manufacturer’s protocol. Where higher 

efficiency transformation was required electrocompetent E.cloni 10G Elite cells 

(Lucigen) were used as per the manufacturer’s protocol.  

6.4.2.3 DNA purification 
 

Multiple strategies for DNA purification were used throughout. Extraction from 

agarose gels used DNA clean and concentrator (Zymo research). Extraction of 

plasmid from E coli used GeneJet plasmid miniprep kit. SPRI beads were also 

used, enabling high-throughput and high yield purification. The volume of SPRI 

beads used depended upon the size of fragment being purified, (as per ). 

Binding occurred at room temperature for 2 minutes. Beads were magnetically 

separated from the bulk solution, and the supernatant removed. Two washes 

with 200 μl of SPRI wash buffer were carried out by keeping the tubes on the 

magnetic bar and adding the wash solution, followed by gentle inversion and 

aspiration of the supernatant. Beads were then pelleted via tabletop 

centrifugation, and remnant EtOH pipetted off. Elution of DNA was then carried 

out by addition of a desired volume of MilliQ water, and resuspension by 

pipetting. The solution was incubated at room temperature for 2 minutes, and 

the beads separated from the bulk solution magnetically. The DNA containing 

supernatant was then collected.  
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6.4.2.4 Quantitative PCR 
 

Quantification of DNA copy number per bead was carried out using a 1x 

SensiMix SYBR No-ROX kit (Bioline) on a Corbett Research Rotor-Gene 6000 

instrument as per the manufacturer’s recommendations. A standard curve of 

known concentrations of the same DNA construct was made. The DNA copy 

number per reaction was calculated using the software associated with the 

Rotor-Gene 6000 series instrument.  

6.5 Microfluidics 

6.5.1 Rig setup  
 

Each microfluidic rig was setup with neMESYS syringe pumps (Cetoni), and a 
high speed camera (Phantom Miro eX2) attached to a microscope (Brunel 

Microscopes Ltd.). Glass syringes (SGE) ranging from 100 μl to 2.5 ml volume 

were used dependent upon the reagent being delivered. Portex Tubing PE 

0.38x0.355mm BxWall (SLS) was used. HFE-7500 (Novec) was used as the oil 

phase for all experiments, supplemented with RAN surfactant at indicated 

concentrations.  

6.5.2 Chip design and production 
 

Devices were designed by myself and Dr. Tomasz Kaminski using DraftSight. 
The preparation of photolithographic masks and silicon wafers was by Dr. 

Tomasz Kaminksi, and Joachim de Jonghe. Chips were made through the use 

of poly(dimethylsiloxane) (PDMS) as per [133]. Chips were sonicated in 50 mL 

of isopropanol for 10 minutes to remove particles. Channel surfaces were made 

hydrophobic through the use of 1 % v/v trichloro 

(1H,1H,2H,2H)perfluoroctylsilane in fluorinated oil HFE 7500 (3M Novec).  
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