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In vitro compartmentalisation (IVC) has emerged as an attractive cell-free based technological 

platform for the miniaturisation and mass parallelisation of biochemical reactions in microscopic 

aqueous-in-oil emulsion droplets. In implementing this emulsion-based technology, this thesis 

describes the development of an ultra-high throughput drug discovery platform for the IVC of 

split-intein based SICLOPPS cyclic peptide libraries in femtolitre-sized aqueous compartments for 

the rapid identification of novel protein-protein interaction (PPI) inhibitors. In utilising the unique 

thermoresponsive properties of agarose, the efficient encapsulation and isothermally-mediated 

pre-DNA amplification of single plasmid DNA copies in approximately 113 fL agarose-in-oil 

femtodroplets is performed, yielding porous agarose beads comprising highly condensed 

concentrations of DNA. Solidified beads are thereafter employed in in vitro 

transcription/translation (IVTT) of the encoded cyclic peptide genes alongside a pETDuet-1 co-

encoded Aβ42-GFP fusion assay, whereby the aggregation state of the Aβ42 Alzheimer's disease 

peptide is linked to the correct folding of GFP, by co-encapsulating individual agarose particles 

alongside PURExpress IVTT machinery. Fluorescence-activated cell sorting (FACS) is subsequently 

used to demonstrate the feasibility through which beads exhibiting increased levels of GFP 

fluorescence, and thus of those comprising cyclic peptides with the ability to modulate the 

aggregation state of Aβ42, may be efficiently and selectively recovered at rates exceeding 107 per 

hour. Collectively, the isolation and recovery of a diverse Npu SICLOPPS cyclic peptide library via 

FACS is achieved, demonstrating the value and widespread utility of the droplet microfluidics 

screening platform as described herein for the prompt discovery of novel cyclic peptide inhibitors 

of challenging PPIs.
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Chapter 1 Introduction 

1.1 Research motivation and impact 

The application of chemical backbone modifications such as head-to-tail peptide cyclisation has 

enabled the emergence of cyclic peptides as promising tools when employed against historically 

challenging targets such as protein-protein interactions (PPIs).1 By virtue of their conformationally 

constrained framework and stereochemical complexity, cyclic peptides often display increased 

biological activity, target selectivity and/or affinity, and increased oral bioavailability when 

compared against their more flexible linear counterparts.2 In particular, the use of genetically 

encoded cyclisation techniques such as split-intein mediated circular ligation of peptides and 

proteins (SICLOPPS) is capable of allowing for the facile generation of backbone cyclised 

sequences, and of the linking of genotype to phenotype, via a split intein-based methodology.3 In 

utilising this approach, SICLOPPS allows for the rapid generation of cyclic peptide libraries ranging 

106 to 109 in size.4 Despite these benefits, however, the extent of genetic diversity and biological 

complexity as established by SICLOPPS easily exceeds its screening capability when performed via 

traditional cell, agar, or multi-welled microtitre plate methods (typically 105 compounds per day 

via automated robotic facilities5). Moreover, SICLOPPS itself is inherently limited by split-intein 

induced host cell toxicity and target PPI induced toxicity, in addition to sole use of the 20 natural 

canonical amino acids for randomised peptide library generation.4 Collectively, the ability to 

screen vast SICLOPPS libraries for the identification of novel cyclic peptide inhibitors of various PPI 

targets requires maximal efficiency and miniaturisation alongside the ability to easily 

accommodate many different assay formats. 

To overcome these challenges, this thesis details to our knowledge the first instance of SICLOPPS 

library complexation with droplet microfluidics and fluorescence activated cell sorting (FACS) for 

the development of an in vitro-based ultra-high throughput screening platform for the purposes 

of drug discovery. The optimisation steps employed, including the encapsulation of SICLOPPS 

library DNA, subsequent in vitro gene expression, and of screening via FACS are all described 

herein for the development of a fully functional droplet microfluidics screening system. More 

broadly, it offers insights into the challenges associated with the manipulation and handling of 

femtoliter sized water-in-oil (w/o/w) droplets for library screening applications, and of the 

complications of working with agarose solutions on-chip. Collectively, this thesis demonstrates 

the feasibility through which a diverse SICLOPPS cyclic peptide library may be generated, 

screened, and recovered at ultra-high throughput speeds, and of the versatility and potential 

widespread utility of this platform for drug discovery applications. 
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Chapter 1 of this thesis will draw focus to the two aforementioned scientific disciplines whilst 

providing a comprehensive and critical evaluation of current literature (Figure 1.1). Chapter 2 

details the construction of an in-house built and fully programmable microfluidics set-up 

(comprising independently operated infusion-only syringe pumps and 3D modelled electronic 

microscope) for the controlled generation of highly monodisperse emulsion droplets on-chip. 

Since the ability to generate a sufficient quantity of protein in vitro (to facilitate the detection of 

FACS-mediated outcomes) is dependent upon sufficient starting DNA template concentrations, 

chapter 3 details the pre-amplification of singly isolated template DNA molecules, yielding 

monoclonal reaction units, via an agarose-in-oil droplet format. Thereafter, the optimisation of in 

vitro protein expression from solidified DNA enclosed porous agarose beads following re-

emulsification within IVTT is demonstrated in chapter 4. Finally, chapter 5 details the successful 

generation and FACS-mediated recovery of a diverse cyclic peptide library from emulsion, as well 

as of attempts to screen for cyclic peptide inhibitors of amyloid beta 42 peptide (Aβ42) 

aggregation via a GFP coupled fluorescent assay (as implicated in Alzheimer’s disease). Chapters 6 

and 7 will provide the concluding remarks and methodology of this thesis, respectively, alongside 

a final and comprehensive discussion into the overall scientific contribution of this work. 

 

Figure 1.1. Thesis organisation via chapter. 

1.2 Drug discovery and development 

Drug discovery encompasses an array of procedures and scientific disciplines that focus on the 

practical application of novel scientific findings in biomedical research to rapidly identify new 

therapeutic compounds for which there is an unmet clinical need. Subject to chemical 

optimisation of their intrinsic physicochemical, pharmacodynamic (the effect of a drug on an 

Chapter 1
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Chapter 4
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Chapter 7
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organism), and pharmacokinetic (the effect of an organism on a drug) properties, accomplished 

via a series of in vitro and in vivo assays to measure efficacy, selectivity, side-effect liability, and 

nonclinical toxicology, such therapeutic leads have the potential to become efficacious 

compounds with sufficient drug-like properties to enter human clinical trials.6 Given the potential 

of these therapeutic discoveries (e.g. the treatment of the Gram negative bacillus Helicobacter 

pylori induced gastric ulceration via a proton pump inhibitor (omeprazole) with two antibiotics 

(amoxicillin and clarithromycin) in place of costly surgical intervention – a controversial discovery 

awarded the 2005 Nobel Prize in Medicine7), the imperative to drive technological innovation in 

drug discovery brings new enabling tools to accelerate the translation of key scientific findings 

into a practical treatment for patients. To achieve this, the modern drug discovery pipeline entails 

an expensive, high risk, time-consuming, albeit potentially rewarding endeavour comprising (1) 

molecular target identification, (2) lead discovery, (3) lead synthesis, (4) lead optimisation (to 

enhance the physiochemical and pharmacokinetic properties, in addition to the toxicological 

aspects, of a suboptimal modulatory structure8,9), and (5) pre-clinical and clinical development.10 

Three aspects of this process will be focused on for the purposes of this literature review, 

including the choice of target, the screening system used, and of the type of drug candidate 

employed. 

1.2.1 Targeting protein-protein interactions 

A suitable drug target represents a carefully selected molecular structure within the human body 

that is capable of eliciting both clinical and therapeutic effects through either inhibition or 

activation of a biological pathway. Characteristically, such targets must be (1) disease-modifying 

with a proven function in the pathophysiology of a given disorder, (2) possess a favourable 

assayability to permit the application of high throughput screens, (3) be druggable i.e. a peptide 

or nucleic acid whose activity may be modulated through binding to a putative drug molecule, 

and (4) capable of increasing the chances of regulatory approval success with maximal efficiency 

and minimal safety concerns.9 Although certain target classes e.g. G-protein coupled receptors are 

particularly amenable to modulation, the exhausted supply of readily druggable targets with 

defined small molecule binding clefts has led to a shift in therapeutic focus toward alternative 

therapeutic targets, as well as of new therapeutic modalities.10,11 

More recently, the targeted modulation of PPIs has emerged as an attractive therapeutic strategy 

for pharmacological intervention.12 PPIs represent a physical contact of high specificity 

established between two or more proteins that allows for the execution of intrinsic biological 

functions at both cellular and systems levels. Of the estimated 130,000 – 650,000  relevant human 

interactions,13 PPIs form highly organised and dynamic protein networks (whereby the majority 
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interact as part of multi-macromolecular complexes) that can be divided into a series of structural 

classes (Figure 1.2). Given PPIs are of significant importance in the regulation of various cellular 

functions including cell cycle progression, proliferation, and transmembrane signal transduction, 

dysregulation can result in the emergence of disease, making PPIs an attractive target for 

pharmacological intervention.14 

 

Figure 1.2. Structural classification of PPIs. (A) Two globular protein interaction (Protein Data Bank (PDB) ID: 

2ccy), (B) two globular protein interaction with an induced binding surface (PDB ID: 1z92), (C) rigid globular 

protein and peptide interaction (PDB ID: 2dyh), (D) flexible globular protein and peptide interaction (PDB ID: 

2xa0), and (E) two peptide interaction (PDB ID: 1nkp).14 

Despite the aforementioned advantages, intracellular PPIs are a challenging target for modulation 

and/or disruption as mediated via conventional biologics and small molecules. Whilst such 

structures are capable of binding deep target pockets (comprising an average contact area of 

approximately 300 to 1000 Å2), PPIs typically comprise dynamic, large, and thus flattened binding 

sites (1500 to 3000 Å2) that are consequently devoid of any suitable binding pocket.15,16 

Moreover, the interactions that drive the association and affinity between two proteins is not 

evenly distributed across its surface – only a small number of crucial amino acids, namely arginine, 

tryptophan, and tyrosine, are responsible for delivering the vast majority of binding affinity and 

specificity (referred to as molecular hot spots e.g. that of IL-2 (Figure 1.3) that tend to cluster at 

the interface centre, and that can be elucidated through systematic alanine scanning mutagenesis 

if, when a residue is mutated to an alanine, the binding energy difference exceeds 2 kcal mol-1).13 

Although monoclonal antibodies can be used for the effective recognition of flat PPI surfaces, 

their high associated costs and inability to cross the cell membrane to reach the internally 

targeted PPI remains a long withstanding challenge.11,17 Collectively, the ability to target the 

Cytochrome C IL 2-IL 2 receptor

A B C D E
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largely undruggable intracellular PPI is dependent upon the exploration of available chemical 

space beyond that of conventional drug modalities. 

 

Figure 1.3. Hot spot residues of IL-2. (A) IL-2 in the absence of ligand. (B) Ligand Compound 1 (Ro26-4550) 

bound to IL-2; hot spot residues important for binding are indicated in light pink, residues fundamental for 

binding are indicated in deep red, as determined by site-directed mutagenesis.18,19 

1.2.2 Lead compound identification 

The process of identifying novel therapeutic leads requires the isolation of compounds capable of 

interacting in a defined and selective manner with molecular targets believed to be critical to the 

pathophysiology of human disease. In particular, high throughput screening (HTS) represents the 

current established approach for early-stage drug discovery, the primary aim of which is to 

facilitate the rapid identification of novel chemical entities through the screening of large and 

highly diverse combinatorial libraries (of up to approximately 106)20 against a given target at rates 

exceeding several thousand per day or per week. To achieve this, HTS uses multi-welled microtitre 

plates, ranging typically from 96 (30 to 250 µL working volume) to 384 (15 to 145 µL) and 1536 

wells (1.5 µL), in which use of the latter permits (1) an increased throughput with increased 

screening efficiencies and (2) lower assay volumes, translating to lower experimental costs.21 

Once identified, compounds exhibiting the desired activity (e.g. of an increase/decrease in a 

fluorescent signal) can be isolated and thereafter optimised to increase its efficacy and potency 

via an iterative approach of chemical synthesis, characterisation, and biological assaying (referred 

to as the hit-to-lead process, since the initial hit will rarely fulfil the affinity, selectivity, and safety 

properties required of a marketable drug).21  

Alongside HTS, focused library screens and of those that base ligand optimisation on existing 

inhibitory structures with known biological activity are capable of steering hit identification 

towards a process-driven approach. Here, an ever-expanding throughput is instead exchanged for 

target insight and selective intuition built on enhanced computational methods.22 In considering 

the costs of employing automated robotic liquid handling systems, experienced technician 
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platform operation, and specialist hardware that are easily exceeded in relation to the number of 

novel active compounds found, focused library screens (as fuelled by increasing quantities of 

available bioactivity data23) have emerged to address these key concerns. Alongside, virtual 

screens including those that utilise validated docking algorithms and programs (e.g. DOCK, 

AUTODOCK, FlexE ect11) for the interrogation of virtually created libraries with the X-ray 

crystallographic structure of a targeted protein can be used for hit identification and fragment 

screening. Despite these advantages, virtual screens require flexible storage and handling 

systems, the acquisition of expensive chemoinformatic software, as well as of the writing of 

additional code that complements commercially available scripts.22 Collectively, whilst use of 

computational and analytical strategies are effective in enhancing the biological activity of a 

known lead candidate, and in providing multiple starting points for further development, this 

information is largely unavailable for new as well as challenging drug targets with few known 

active chemotypes or phenotypic assays.24 Moreover, the promise of a diversity campaign over a 

focused library screen is of a molecule with excellent intellectual property. 

1.2.3 Peptide therapeutics  

Peptides have emerged as potent, selective, and efficacious molecules for the modulation of PPIs. 

Factors contributing to the renewed interest in peptides as the starting point for novel 

therapeutics agents include (1) the establishment of industrial-scale peptide synthesis 

manufacturing procedures (e.g. Fmoc-based solid phase peptide synthesis,25 to facilitate the large 

scale production, characterisation, and purification of peptide products in comparison to 

proteins26,27), (2) the potential for structural modifications to achieve improvements in stability, 

transport, and affinity, (3) reduced susceptibility to off-target interactions (in contrast to 

conventional small modulatory molecules, and inadvertently manifesting as undesirable human 

side effects), and (4) a sufficiently large structure to render an extensive, continuous binding 

surface to competitively inhibit a PPI.28 Accordingly, the therapeutic potential of peptide drugs 

can be exemplified by their commercial success; over 50 peptide therapeutics were approved for 

marketing in 2010, with the annual global sales of therapeutics such as ciclosporin (Neoral; 

Novartis), goserelin acetate (Zoladex; AstraZeneca), glatiramer acetate (Copaxone; Teva 

Pharmaceuticals), leuprolide acetate (Lupron; Abbott Laboratories), and octreotide acetate 

(Sandostatin; Novartis) having surpassed US $1 billion.26  

Despite these advantages, the physicochemical properties of peptide therapeutics often limits 

their progression from research lead to clinical medicine. For orally administered peptide drugs, 

bioavailability is poor (<2 %) as peptides are extensively metabolized by digestive enzymes in the 

stomach and gastrointestinal tract (<30 min).29 Moreover, their unfavourable pharmacokinetic 
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properties including low solubility and high molecular weight limit dose absorption through the 

intestinal epithelium and into the systemic circulation.30 At present, most peptide-based therapies 

are administered intravenously, subcutaneously, or by intramuscular injection.30 However, these 

methods are expensive, labour intensive, and invasive to patients. Alternatives such as intranasal 

and transdermal routes for administration avoid the digestive tract, but these drugs are 

nonetheless metabolised by plasma proteases present within the peripheral circulation.30 

Clinically, oral formulations for the delivery of peptide and protein based drugs result in the 

greatest levels of patient acceptance and long-term compliance, but these drugs must be 

stabilised against the effects of enzyme-mediated protein degradation.31 Strategies for oral 

delivery include the use of absorption enhancers such as ethylenediaminetetraacetic acid, fatty 

acids and glycerides that promote the transient opening of the epithelium tight junctions, and 

through the use of buffers and protease inhibitors to promote maximum drug solubility.30 

Fortunately, selective chemical modification of a native linear peptide structure can be used to 

alter the underlying physicochemical (e.g. solubility (hydrophilicity and hydrophobicity), chemical 

stability, absorption, distribution, metabolism, and excretion) and biological properties (e.g. target 

selectivity, affinity, and immunogenicity) of the selected peptide lead.32 For example, enhanced 

metabolic stability via a reduced susceptibility to enzymatic degradation at the intestinal brush 

border membrane was demonstrated following lipophilic prodrug creation via the N-terminal 

attachment of a lipidic amino acid moiety to luteinising and thyrotropin-releasing hormones 

(upon Caco-2 cell homogenate exposure).33 Moreover, N- and/or C-terminal lipoamino acid and 

liposaccharide conjugate generation of the somatostatin analogue TT-232 was shown to yield 

improved peptide permeability in vitro across a Caco-2 cell monolayer (continuous cell of 

heterogeneous human epithelial colorectal adenocarcinoma).34 In addition, glycosylation 

modification of e.g. arginine-vasopressin via an octamethylene group was shown to mediate 

increased selectivity toward microsomal fractions of the liver and kidney,35 whilst an increase in 

selective dendritic cell antigen presentation to CD4+ (50-fold) and CD8+ (10-fold) T lymphocytes 

was mediated following exposure to a model antigen (ovalbumin) chemically coupled to a 

synthetic carbohydrate.36  

Since unnatural amino acids are rarely the target of proteolytic degradation, substitution of a 

natural to an unnatural amino acid (via e.g. D-conformation, N-methylation, tetra-substitution, β-

amino acids, and side chain methylation(s)) can be used to enhance the physicochemical 

properties and hence metabolic stability of a targeted peptide lead.26 For example, antagonistic 

CXCR4 chemokine receptor (utilised for the cellular entry of HIV-1) D-peptide analogues were 

shown to exhibit enhanced inhibition of CXCR4-dependent HIV-1 replication in comparison to L-

peptide analogues,37 whilst the antifungal peptaibol antibiotic heptaibin38 and selective bradykinin 
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B2 receptor antagonist icatibant (for the treatment of bradykinin induced inflammation, 

vasodilation, vascular permeability, and nociceptor stimulation) contain unnatural amino acids.39  

Alongside the aforementioned techniques, the application of chemical backbone modifications 

such as peptide stapling and head-to-tail peptide cyclisation has enabled the emergence of cyclic 

peptides as promising scaffolds when employed against challenging PPIs.40 By virtue of their 

conformationally constrained framework and stereochemical complexity, cyclic peptides often 

exhibit increased biological activity when compared against their more flexible linear counterparts 

(exhibiting increased metabolic stability/resistance to exopeptidase-mediated hydrolytic cleavage 

owing to the absence of N- and C-termini), as well as of increased affinity and target selectivity 

(since the conformational rigidity imposed by backbone cyclisation encourages the adoption of 

well-defined and pre-organised structures that decrease the entropic costs upon binding).2 

Moreover, cyclic peptides are accessible through both chemical synthesis (unlimited functional 

diversity) and gene expression (yielding the potential to create large genetically encoded 

libraries).2 As such, the utility of this structural class can be exemplified by the prevalence of 

therapeutically relevant and biologically active natural cyclic peptides, including cyclosporine A 

(immunosuppressant),41 polymyxin E (antibacterial),42 and oxytocin (an endogenous hormone 

released via the posterior pituitary to stimulate uterine contractions during pregnancy).43 

In the light of the advantages of this structural class, the use of cyclic peptide libraries in high-

throughput screening for the discovery of novel PPI inhibitors has emerged as an attractive 

therapeutic strategy for early-stage drug discovery in both academic and industrial settings. 

Whilst a variety of efficient and versatile methods exist for the generation of large and diversified 

cyclic peptide libraries (107 – 1012 members), genetic encoding retains a significant advantage over 

chemical synthesis; namely, in being more readily accessible, enabling coupling to various high-

throughput screening platforms (e.g. phage, yeast or mRNA display),44 and allowing for the 

straightforward deconvolution of hits via sequencing of the peptide encoding gene. In particular, 

the advent of Sanger sequencing (chain termination or dideoxy technique) has since established a 

robust and facile method for DNA sequencing that now lies at the heart of deconvoluting hits.45 

Another enabling technology behind the rapid expansion of modern peptide-based libraries, and a 

solution to the limited capacity of chemically competent cells, emerged with the advent of high-

efficiency electroporation.46 Although the majority of biologically synthesised cyclic peptide 

libraries are formed via phage/phagemid display methods,47 SICLOPPS has emerged as a 

straightforward and readily accessible technique for the facile production of genetically encoded 

backbone-cyclised cyclic peptide libraries for use in HTS.  
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1.3 SICLOPPS 

SICLOPPS represents a genetically encoded technique that directs the intracellular cyclisation of 

linear peptide backbones for the rapid biosynthesis of cyclic peptide libraries ranging 106 to 1012 in 

size.44 In particular, inteins (internal proteins) represent naturally occurring in-frame protein 

domains that facilitate their self-excision via protein splicing at the post-translational level from 

flanking extein (external protein) segments, and with concomitant extein ligation by a native 

peptide bond (analogous to mRNA splicing).48,49 In exploiting this natural process to forming a N-

to-C association, SICLOPPS uses rearranged intein segments derived from the Synechocystis sp. 

(Ssp) PCC6803 trans-splicing split DnaE intein in which the C-terminal intein (IC, 36 amino acids) 

precedes the N-terminal domain (IN, 123 amino acids) whilst flanking an extein sequence of choice 

(IC–extein–IN, Figure 1.4). On intein association, the resulting active cis-intein cyclises the 

intervening extein sequence to liberate a head-to-tail cyclised polypeptide product, provided that 

a nucleophilic cysteine or serine residue is present as the first amino acid of the extein (Figure 

1.4).3,4,50 More recently, the faster splicing Nostoc punctiforme (Npu) DnaE split inteins have been 

used in SICLOPPS for the rapid generation of cyclic peptide libraries, and of cyclic proteins that 

have the added advantage of being more tolerant than Ssp to amino acid variation near the splice 

junction (a critical requirement for library production).51 
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Figure 1.4. SICLOPPS intein splicing and cyclic peptide generation. (A) Illustration of SICLOPPS library 

construction for the intracellular generation of cyclic peptide libraries. Although Ssp or Npu inteins are 

typically employed, other split-inteins may also be used. (B) Illustrative mechanism of SICLOPPS intein 

splicing, whereby the expression target (or fusion) peptide folds following the association and splicing of IC 

and IN components to form an active cyclised peptide. X = O or S. 

The ease, simplicity, and speed with which SICLOPPS plasmid libraries comprising hundreds of 

millions of members may be created attests to a key advantage of this platform when employed 

against targeted PPIs.1,4 As such, the construction of a SICLOPPS cyclic peptide library is mediated 

by the polymerase chain reaction (PCR)-based incorporation of degenerate oligonucleotides 

encoding a randomized extein segment of NNS or NNB mixed base repeats, where N represents 

any of the four canonical DNA bases (A, C, G or T), S represents either C or G, and B represents C, 

G, or T (Figure 1.5). The NNS and NNB motifs provide coverage of 32 and 48 codons, respectively, 

coding for all 20 peptidogenic amino acids whilst eliminating both ochre (UAA) and opal (UGA) 

stop codons. Since there is no theoretical limitation to the number of incorporated degenerate 

oligonucleotide repeats and hence to the number of amino acids within each finalized peptide 

variant, SICLOPPS may be used for the controlled assembly of macrocyclic products of virtually 

any sequence and size. Although limited by the transformation efficiency of its cellular host and 

therefore to the formation of large cyclic peptide rings when interfaced with cell-based assays, 

five or six variable amino acids (3.2 x 106 and 6.4 x 107, respectively) are typically introduced to 
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ensure that the total number of cyclic peptide library variants remains lower than that of the 

maximum number of Escherichia coli (E. coli) transformations (108 – 1010).1,4 

 

Figure 1.5. SICLOPPS library construction and screening in cells. (A) Representative workflow for SICLOPPS 

library generation using a two-step PCR-based methodology. (B) Subsequent transformation of the resulting 

plasmid library into cells comprising an assay (e.g. FRET, life/death) enables screening for the identification 

of active cyclic peptide hits. 

SICLOPPS is traditionally utilised in conjunction with a bacterial reverse two-hybrid system 

(RTHS).1,4 In a classical reverse genetics approach, the disruption of RTHS protein complexation 

(homo- or heterodimerisation) is systematically linked to the downstream expression of three 

reporter genes (including HIS3 (imidazoleglycerol-phosphate dehydratase) and KanR 

(aminoglycoside 30-phoshopytansgerase for kanamycin resistance), to amplify selection 

stringency and allow for chemical tenability, respectively, and LacZ (b-galactosidase), for 

quantitative β-galactosidase-mediated measurements), whose regulation is monitored via 

chromogenic assays or host cell survival on selective media (Figure 1.6).1,4 
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Figure 1.6. Illustration of the SICLOPPS RTHS. (A) Interaction of target proteins X and Y leads to the 

formation of a functional 434:P22 repressor complex with the ability to bind to operators engineered onto 

the chromosome of the host E. coli strain upstream of three key reporter genes (HIS3, KanR, and LacZ). The 

binding and interaction of X and Y inhibits the expression of downstream genes, leading to cellular death on 

selective media. (B) The presence of a PPI inhibitor with the ability to selectively disrupt the targeted 

interaction between X and Y, thereby disrupting the downstream repressor complex, permits transcription 

and translation of the resulting reporter genes and therefore of host cell survival on selective media.1,4 

Despite the aforementioned advantages, SICLOPPS is inherently disadvantaged by its sole use of 

the 20 canonical amino acids for library generation.4 Although the combination of SICLOPPS with 

an orthogonal aminoacyl-tRNA synthetase/tRNACUA pair has been used to facilitate the 

incorporation of a single unnatural amino acid into a ribosomal peptide library against HIV 

protease,52 mRNA-display strategies (whereby the C-terminus of the encoded polypeptide is 

linked to the encoding mRNA sequence by a puromycin linkage) are nevertheless capable of 

simultaneously encoding several non-natural amino acids via a custom IVTT system (termed 

Random non-standard Peptides Integrated Discovery (RaPID) system).53 Accordingly, the RAPID 

system achieves the incorporation of unnatural amino acids at defined positions through the 

removal of aminoacyl tRNA synthetases (aaRS) specific to the targeted codon for reprogramming. 

The removal of aaRS alongside their related amino acids generates an empty codon that can be 

targeted by the addition of flexizyme-generated unnatural aminoacyl-tRNAs displaying the 

relevant anti-codon.53 

Alongside, the incorporation of an increased number of randomised amino acid positions in 

SICLOPPS (thereby generating cyclic peptide rings of a larger size) is limited by the E. coli 

transformation efficiency (albeit overcome through use of e.g. mRNA and phage display based 
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strategies).4 Accordingly, the weaker affinity of SICLOPPS cyclic peptide hits (nanomolar to low 

micromolar range; typically 6-mers) when compared against those from display-based libraries 

(typically 14-mers) is likely a result of their smaller size.4 Another disadvantage of SICLOPPS lies in 

its inability to mediate in vivo selections against molecular targets that are e.g. toxic or facilitate 

the aggregation and/or degradation of intracellular protein products.4 Since in vitro methods of 

SICLOPPS cyclic peptide expression effectively circumvent these issues, whilst facilitating the facile 

incorporation of non-natural amino acids, the use of an IVTT-based system for the in vitro 

selection of SICLOPPS cyclic peptide inhibitors was thereby utilised within this thesis. 

1.4 Droplet microfluidics 

Microfluidics permits the processing and manipulation of small fluid volumes within geometrically 

constrained and artificial microsystems for the detailed study of fluid dynamics at the micrometre 

scale. In particular, droplet microfluidics (involving the generation of nano- to femto-litre sized 

water-in-oil (w/o) droplets) has emerged as a promising therapeutic strategy and technological 

tool for application in drug discovery, having demonstrated the capability to outperform 

biological assays via the conductance of complex and highly reproducible screens at ultra-high 

throughput speeds.54–56 As such, the formation of aqueous droplets comprising an encapsulated 

biochemical assay suspended in carrier oil offers many conceptual advantages, including (1) 

reduced sample consumption, (2) enhanced analytical performance, (3) rapid content mixing, and 

(4) laminar (streamline) flow. Moreover, droplets provide a well-defined and discrete 

environment that is especially suited to the compartmentalisation of single genes, organisms, and 

cells, within which the absence of dilution and volumetric confinement facilitates the rapid 

accumulation of enzymatic/biomarker products to detect rare interaction events.56 Although on-

chip dielectrophretic fluorescence-based droplet sorting (reaching approximately 2000 droplets 

per second57) permits the screening of combinatorial drug libraries for enzymatic activity,58 

cytotoxicity,57 and engineering/directed evolution of targeted proteins,59 the amenability of 

droplet-based microfluidic systems to automation permits content screening via FACS (following 

single w/o conversion into a double emulsion water-in-oil-in-water (w/o/w) format,60 typically at 

10 – 15 kHz and with multi-colour probes, and in the absence of expensive/time-consuming 

robotic facilities).56 Collectively, the application of droplet microfluidics and FACS to the 

compartmentalisation of SICLOPPS cyclic peptide libraries has the potential to overcome the 

aforementioned limitations of SICLOPPS screening as typically mediated by cells.  
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1.5 Microfluidic device fabrication 

Droplet generation is achieved via the use of a microfluidic chip. Having emerged in the 1960s 

with micromachining technologies developed by the semiconductor industry, microfluidic Lab-On-

a-Chip devices (LOC, or Micro Total Analysis Systems, μTAS) comprise fully integrated networks of 

micrometre-scaled fluidic components that are formed via sets of interconnected micro-

channels.61 Such channels are typically etched into the surface of a material (e.g. silicon or glass) 

or moulded from a micropatterned master mould (e.g. soft lithography), and allow for the 

controlled generation of highly monodispersed multi-phase emulsions with tuneable morphology 

via an array of emulsification techniques.61 

In particular, the advantages of borosilicate glass with silica and boron trioxide for device 

formation, developed by the German glassmaker Otto Schott in the late nineteenth century, 

include its optical transparency, high Young's modulus (64 kN/mm2, a measure of the stiffness of a 

material), alongside its biocompatibility and well-understood fabrication methodologies including 

wet chemical and dry etching techniques.62 Alongside, single-crystalline semiconductor silicon 

represents an inexpensive inorganic material with excellent mechanical properties that is likewise 

suited to the fabrication of micro-scaled fluidic applications that demand high temperature 

resilience, mechanical strength, electrode integration (for droplet-droplet fusion), and high 

thermo-conductivity (for uniform temperature distribution).62 Despite these advantages, silicon is 

neither transparent nor translucent and is thus unsuited for optical detection. Moreover, the use 

of silicon and glass for disposable device production (desirable to prevent cross-contamination) is 

limited by its high associated processing costs.63 Since neither is permeable to gas, both are 

unsuited for cell culture. 

The aforementioned limitations are nevertheless overcome through use of elastomeric materials 

(e.g. polydimethylsiloxane (PDMS)) for the fabrication of microfluidic devices using 

photolithography from micropatterned circular thin silicon master moulds bearing the fluidic 

pattern of choice.64,65  These silicon wafers are formed from an initial coating of SU-8 photoresist 

(a UV-sensitive, high-contrast, epoxy-based negative tone material) that upon ultraviolet 

exposure permits cross-linked SU-8 features to become the raised structures that create 

microfluidic channels on PDMS.66 Since (1) only a single photolithographic step is thereby required 

to create an inverse of the channels to be formed, and (2) a single wafer facilitates the 

simultaneous moulding of multiple devices at once, wafer-level micromachining enables cost 

reductions for the single microsystem, in which PDMS casting allows for the replication of 

micropatterned photoresist features. 
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In particular, PDMS (CH3[Si(CH3)2O)]nSi(CH3)3) has emerged as the most widely used polymeric 

organosilicon for the replica moulding of microfluidic chips;62 as such, the intrinsic properties of 

PDMS are especially well-suited for miniaturised bioassay use over silicon and glass owing it its 

rapid, easy, and cost-effective fabrication.62 Moreover, PDMS is inert, nontoxic, biocompatible, 

non-flammable, and optically transparent (from 230 nM – 1100 nM) to facilitate the visual 

inspection of on-chip operations (particularly during fluorescence microscopy).62 Although 

permeable to nonpolar gases (e.g. oxygen) and mostly impermeable to water, PDMS is thus well 

suited to the long-term culturing and storage of cells, although the free diffusion of water vapor 

can lead to unwanted drying, particularly in the case of hydrophilic channel coatings resulting in 

salt crystal deposition (via Layer-by-Layer (LbL) polyelectrolyte deposition).60,67 Nevertheless, 

PDMS is durable with good thermal stability (up to 186 °C in air), is isotropic and homogeneous, 

stable at room temperature (for easy moulding), commercially available (e.g. Sylgard 184 by Dow 

Corning Inc.), and permits rapid prototyping with minimal expense via simple soft lithographic 

techniques (soft lithography, coined by Whiteside).68 

The soft lithographic-mediated fabrication of a microfluidic device involves the mixing of PDMS 

(siloxane oligomer, liquid at room temperature) with a cross-linking (curing) agent in a mixing 

ratio typically 10:1 (dependent upon the intended Young's modulus of the elastomer62). 

Thereafter, PDMS pre-polymer is poured into the micro-structured silicon master and cured at 

elevated temperatures (60 °C for approximately 2 – 6 hours) to create a solid, cross linked 

elastomeric replica. Here, polymerisation proceeds by a hydrosilylation reaction (catalysed by a 

platinum-catalyst (Pt(II)) contained in the curing agent at room temperature), whereby the vinyl 

groups (CH2 = CH-) of the siloxane oligomers form covalent bonds with the hydrosilane (SiH) 

groups of the curing agent.62 Despite the aforementioned advantages, a few undesirable 

shortcomings diminish the effectiveness of PDMS. For example, PDMS has the ability to absorb 

drugs, proteins, and small hydrophobic molecules,62,69 thereby precluding its use in devices 

designed to perform assays on biological molecules or to maintain a constant osmolality. 

Moreover, the gas permeability of PDMS is unsuited to performing in-channel oxygen-sensitive 

polymerisation reactions.62,69 Since many microfluidic systems are designed for drug discovery and 

quantitative target analysis, PDMS can impede this goal to some extent. 

To obtain enclosed interconnected microchannels, PDMS may be bonded to itself (PDMS:PDMS) 

or other materials (PDMS:glass) through oxygen or air plasma treatment. As such, the adhesion of 

a micropatterned PDMS surface following plasma-bonding is facilitated through the formation of 

silanol groups (SiOH) from SiCH3 that react via a condensation reaction to create an irreversible 

and covalent Si-O-Si cross-linkage upon bonding (Figure 1.7).70 In the case of glass, plasma 

treatment is not necessarily required to achieve successful adhesion between glass and e.g. silicon 
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due to the existence of native glass surface hydroxyl groups, but is advisable due to its cleaning 

effects.71 Collectively, PDMS-based soft lithography offers several key advantages including low 

cost, fast processing (<1 day to final device), SU-8 master reusability, facile sealing and bonding 

techniques, as well as multilayer fabrication methods to permit the creation of complex multilayer 

3D microfluidic systems when stacking together thin membranes of patterned PDMS. 

 

Figure 1.7. Overall schematic representation of PDMS:glass bonding. (A) PDMS chemical structure. (B) 

PDMS surface modification (plasma) oxidation and siloxane group formation with glass. 

1.6 Microfluidic droplet generation 

Although traditional top-down methods of polydisperse emulsion formation (e.g. via the direct 

agitation and application of intense mechanical force to an immiscible fluid suspension) have 

been used to good effect in areas such as polymer chemistry, nanomaterial preparation, cosmetic 

formulations, and complex food systems,72 the inability to manually control and hence alter the 

mean droplet size and resulting droplet composition renders its use particularly unsuited for 

quantitative experimentation.73 Although the issue of polydispersity has been partly addressed 

through use of external co-expressed markers such as GFP, the issue of varying catalyst 

concentration and volume dependence of fluorescence is nevertheless problematic.74 In light of 

this, microfluidic devices (with T-junction (cross-flow) and flow-focusing chips representing the 

most common) have emerged as an effective solution to the aforementioned problem, leveraging 

geometrical variation in microfluidic device structure to facilitate the transformation of arbitrary 
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fluid volumes into defined, monodisperse, and femtolitre-sized droplets at MHz rates,75 and of 

those with <1 % size variation.72,73 

The generation of monodisperse droplets via a single stream in a microfluidic channel was first 

demonstrated through use of a T-channel geometry. Here, the inlet comprising the dispersed 

phase perpendicularly intersects that of the main microchannel from which the continuous phase 

is supplied (Figure 1.8A).76 The two orthogonally flowing phases form an interface at the junction, 

after which the tip of the dispersed solution enters the main microchannel as fluid flow continues. 

The shear forces generated by the continuous phase and subsequent pressure gradient cause the 

head of the dispersed phase to elongate into the main microchannel until the neck of the 

dispersed phase thins, eventually breaking into a stream of droplets whose size is influenced by 

several parameters including dimensionless parameters such as the flow rate ratio, capillary 

number, and Reynolds number, the relative viscosity between the two phase, alongside 

geometrical parameters such as microchannel width and height ratios.77 

 

Figure 1.8. Illustrative schematic of various T-junction device geometries. (A) Typical T-junction geometry 

employed during droplet generation whereby the dispersed phase is injected perpendicular to a stream of 

continuous fluid. (B) 'Head on' T-junction geometry whereby the dispersed and continuous phases are 

injected from opposing sides. (C) Combination of two T-channel geometries facing one another to achieve 

the generation of two alternating droplets comprising different reactants.78 (D) Synchronized production of 

droplet pairs by combining two differing T-junction geometries.79 

In contrast to T-junction devices, flow-focusing configurations employ symmetrical channels with 

a cross-junction geometry in which the dispersed phase fluid flows through a central channel with 
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two counter flowing continuous streams (Figure 1.9).73 An interface is formed at the point of 

liquid-liquid contact that extends via a narrow orifice into a main microchannel. Thereafter, the 

continuous phase exerts pressures and viscous stresses that force the elongation and eventual 

break-up of the dispersed phase thread (controlled via the rate of supply of the continuous 

phase). In turn, droplet size and distribution can be controlled through alterations in fluid speed, 

channel dimension (i.e. orifice width), and fluid viscosity.73 Although the operational and 

fabrication demands of flow-focusing devices are far higher in comparison to the T-junction (as 

more complex channel geometries and fluidic inlets are required), such devices nevertheless offer 

a greater degree of flexibility over the resulting droplet size, since the focusing and thinning of the 

dispersed phase stream through an orifice of varying width yields very small droplets at 

exceptionally high frequency. As such, flow-focusing geometries are the most frequently used 

system for droplet generation using a microfluidic chip. Although a slightly increased degree of 

technical effort is required for their production and operation, when compared against their T-

junctional counterparts, however, flow-focusing offers greater sample monodispersity and 

superior frequency as recently exemplified through the generation of droplets <10 fL at 1.3 MHz.75 

 

Figure 1.9. Illustrative schematic of two flow-focusing device geometries. (A) Standard flow-focusing 

geometry. (B) Dual flow-focusing device configuration.75 

1.7 Double emulsions for FACS 

Monodisperse emulsions have found broad utility in various analytical applications including 

directed evolution, digital PCR, and single cell analysis. Such emulsions enable the straightforward 

interrogation of single w/o droplets through use of fluorescence microscopy, or of the integration 

of elaborate fluorescence detection and electro-sorting instrumentation on-chip.60 For example, 

on-chip directed evolution through screening of the hydrolytic activities of a promiscuous 

sulfatase,80 and of new mutants of the enzyme horseradish peroxidase exhibiting enhanced 

catalytic activity,81 have been achieved via the application of a w/o format. Alongside, microfluidic 

fluorescence-activated droplet sorting (FADS) for the encapsulation and sorting of single E. coli 
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cells expressing the reporter enzyme β-galactosidase with a co-compartmentalised fluorogenic 

substrate via dielectrophoresis at rates of 2000 droplets per second has been achieved.57   

Despite the aforementioned applications, on-chip droplet sorters are technically challenging to 

assemble, requiring extensive knowledge with regards to the electronics and software coding 

required to control the electro-sorting equipment, and are thus unfavourably suited toward 

specialist academic and industrial settings.60 As an alternative to on-chip sorting, FACS 

(representing an automated, robust, and highly sensitive laser-based analytical technique capable 

of multiplexed detections and analyses) has emerged as a suitable high throughput droplet 

screening technique for the rapid selection of microfluidic droplets in the absence of device 

electro-sorting.60 Although single-chip double emulsion generation techniques allow for the 

simultaneous emulsification of both primary and double emulsion droplets via a single fabricated 

chip (through integration of two consecutive droplet formation modules), the fluorophilic and 

hydrophilic surface modifications required of a double flow-focusing device requires surface 

coating application in a spatially defined manner (to ensure wetting with the appropriate carrier 

phase, whereby the formation of inner aqueous droplets demands hydrophobic channels, whilst 

the production of outer oil-phase droplets demands a hydrophilic surface property).82 To achieve 

this, complementary channels must be blocked off with air to maintain its surface properties. For 

example, the application of a selective hydrophilic surface in designated parts of a microfluidic 

device has been achieved through use of the LbL deposition technique. However, the need to 

apply a poly(allylamine hydrochloride) (PAH) solution solely to within the lower half of the flow-

focusing region via simultaneous application of a water stream to block the upper half (and with 

further closure of additional inlets to prevent hydrophilic surface modification upstream of the 

device orifice) renders this methodology largely impractical for non-specialist laboratory use.67 

Moreover, double flow-focusing devices require careful flow rate adjustment to prevent multiple 

inner aqueous droplet double emulsion formation.67 

Disassembly of the two aforementioned emulsification steps (for w/o and w/o/w droplet 

generation) through use of two separate emulsification chips allows for simplification of the 

overall process of double emulsion formation (Figure 1.10). In particular, this methodology 

provides far greater control over droplet size by enabling the use of different chips that vary in 

device channel width. Moreover, device fabrication upon employing a two-chip methodology is 

more straightforward than of that for a double flow-focusing geometry. Collectively, two-chip 

systems permits disassembly of the aforementioned single chip features, yielding two separate 

modules that enable an overall increase in ease of handling.60 As such, this double emulsion 

generation methodology is employed for the conversion of emulsified intein-generated SICLOPPS 
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cyclic peptides libraries previously conducted in w/o droplets into double emulsions via two 

independent hydrophobic and hydrophilic microfluidic devices, respectively. 

 

Figure 1.10. Double emulsion generation using a two-chip methodology. (A) Single w/o droplet 

generation. (B) Re-injection of single w/o emulsions to generate w/o/w double emulsions; FC-40 

functions as an intermediary spacer phase to facilitate the even spacing of incoming w/o droplets to ensure 

single w/o droplet encapsulation per w/o/w droplet. 

1.8 In vitro compartmentalisation 

Droplet-based microfluidic systems permit massive parallel handling of independent assays at the 

micrometre scale. As such, droplet compartmentalisation has become a well-established and 

effective method for the replication of macro-scaled biological functions in emulsified 

bioreactors.83,84 There are several universal benefits to miniaturisation, including (1) reaction 

encapsulation eliminates cross-contamination since droplets are separated by an immiscible 

carrier phase, (2) miniaturisation of laboratory operations reduces sample volumes by up to 

100,000-fold when scaled down to the pico- or femtolitre range, (3) the capacity to achieve kHz 

throughput aligns well with that of modern flow cytometers, and (4) the volume of reactions 

generated per 1 mL of emulsion (~1010 drops) permits sample dilution to concentrations that 

favour single-cell or gene encapsulation.83,84 The latter is particularly is relevant to directed 

evolution, a process akin to Darwinian evolution, in which proteins or nucleic acids are selected 

from heterogeneous gene libraries for a particular functionality.85 Such selections are further 

permitted under conditions (such as extremes in temperature and pH) that are incompatible with 

cell viability.85 In the case of in vitro compartmentalisation (IVC), a genotype (DNA or RNA)-

phenotype link is established by the oil-water droplet boundary. 

Whilst evolutionary information is encoded in the genotype (encoded DNA), selection acts on the 

phenotype (observable trait). As such, aqueous droplets comprising genetic information and in 

vitro transcription/translational machinery (as in IVC) link genotype to phenotype since the 

compartmentalisation they provide mimics that of nature’s cells.85 In each man-made 

compartment, a single gene is transcribed and translated by cell-free means to give multiple 
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copies of the protein it encodes. These IVC platforms therefore yield monoclonal reaction units 

that are particularly well suited to high-throughput library selections and for the identification of 

novel peptide-based biologics.85 Since the linkage between genotype and phenotype is not 

chemically linked but instead co-compartmentalised, a variety of functions (enzymatic, regulatory, 

inhibitory, binding, and structural) can be selected for.85 This is advantageous over existing display 

selection strategies (e.g. bacterial, virus, yeast, and phage display) where selection is based on 

binding interactions alone, and which may thereby inadvertently lead to the selection of poor 

inhibitors that bind tightly to the enzyme surface but outside of its active site (since binding does 

not correlate with inhibition or catalysis).85 

Studies involving in vitro protein expression in emulsified w/o droplets often use GFP as proof-of-

concept. Following the initial implementation of microstructured devices for cell free assay 

compartmentalisation and GFP expression,86 the utility of integrated chip systems for the storage 

and on-line detection of droplets containing measurable quantities of in vitro expressed GFP was 

thereafter described.87 Despite this, the isolation of single DNA templates can be insufficient in 

ensuring the encapsulation of a sufficient quantity of protein product to reach the detection 

threshold. As with single lacZ genes, expression was undetectable despite the high enzymatic 

activity of β-galactosidase (Kcat = 187 s-1, Km = 150 μM).88 Nevertheless, this problem can be 

overcome through the co-encapsulation of isothermal amplification systems with singly isolated 

template DNA, together with the co-ordinated fusion of IVTT containing droplets with those 

enclosing the now pre-amplified DNA.85 Although droplet fusion is critical for the controlled 

coalescence of droplet compartments, the ability to achieve both temporal and spatial droplet 

synchronisation whilst overcoming the stabilising effects of surfactant can be problematic. 

Moreover, such methods require the use of specialised equipment (e.g. electrodes) to induce 

droplet coalescence through their submission through an electric field (electro-fusion), thereby 

resulting in an overall increase in droplet volume with an inadvertent increase in signal dilution.85 

Although the capacity to fuse independent and isolated droplet compartments is a desirable 

process, the widespread application and use of droplet fusion systems is limited by complicated 

operational, manipulation, and impractical handling techniques.85 

1.9 DNA amplification in droplets 

The use of LoC systems for monodisperse w/o droplet generation comprising miniaturised 

biochemical assays allows for the efficient isolation of individual reaction constituents at the 

single cell or nucleic acid level. Beyond the quantification and sequencing of DNA through e.g. 

emulsion PCR in next generation sequencing (NGS)-based and Drop-seq single cell RNA 

sequencing platforms, however, the ability to express proteins from artificial cell-like droplet 



Chapter 1 

22 

compartments comprising pre-amplified genes creates new avenues for diagnostic and/or 

therapeutic application.89 Since a major challenge facing in vitro protein expression lies in its need 

for relatively large starting DNA quantities – on the order of 500 ng (approximately 109 gene 

copies) per 50 µL reaction – the ability to amplify singly-encapsulated template DNA molecules 

prior to IVTT overcomes this limitation.89 

Despite these advances, the need to perform complex downstream handling and droplet merging 

manipulations to fuse off-chip incubated DNA enclosed droplets with those containing IVTT is 

largely restricted to specialist laboratory use. Since incompatibilities between the optimal buffer 

conditions for IVTT and DNA amplification (often resulting from differences in (1) salt 

concentration and/or (2) optimal pH values88) represents another key limitation to such merging 

applications, the successful generation of high protein yields following DNA pre-amplification 

requires the removal of inhibitory amplification machinery prior to IVTT. In particular, the 

emergence of microscaled gel-type systems for physical DNA entanglement and pre-DNA 

amplification have been shown to yield high protein levels in vitro.90 In overcoming the 

requirement for droplet-merging, these porous hydrogel/agarose scaffolds provide a solid 

compartment for the entrapment of amplified DNA products whilst enabling the removal of 

undesired inhibitory components for re-suspension in IVTT. Notably, gels incorporating DNA 

encoding proteins provides higher protein expression yields than IVC by serving to localise the 

components required for protein production via an open and adjustable system.90 

Successful implementation of an agarose-based droplet microfluidics approach has been 

demonstrated for single copy ePCR in droplets comprising 3 % agarose that evade the diffusion of 

PCR products through conjugation of the forward primer to the agarose matrix using a Schiff-base 

reaction.91 Following the advent of protein producing hydrogels (termed the P-gel system) 

comprising X-shaped DNA gene encoding crosslinkers for gel scaffolding incorporation,92 the 

emergent capabilities that arise from creating chemically modified, microscale gel systems by 

chemically cross linked DNA has been used for in vitro GFP expression in droplets. Moreover, the 

use of such systems has been demonstrated via the production of DNA-functionalized porous 

hydrogels from hyaluronic acid for confined membrane-free IVTT of GFP by co-encapsulating 

individual DNA loaded hydrogel particles and IVTT machinery within w/o microdroplets.93 An 

alternative and more straightforward microgel methodology for IVC employs the physical 

entanglement of DNA through use of an isothermal DNA amplification reaction.94 In overcoming 

the major limitations of emulsion PCR including large temperature gradients (which may 

inadvertently result in droplet coalescence, reduced droplet integrity and stability, and of a loss of 

compartmentalisation) alongside inefficient long template amplification (>1 kb) and reduced 

reaction yields,95 isothermal amplification allows for the generation of large DNA quantities from 
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single template copies. Whilst previously reported solely through ePCR, isothermal amplification 

in 1.5 % 55 µm diameter agarose microbeads has been achieved.96 Moreover, isothermal DNA 

amplification can be utilised for the continued amplification and generation of dense, physically 

entangled DNA gels approximately 1 – 2 µm in diameter, and comprising ~32,000 DNA copies, for 

employment in GFP expression.90 Alternatively, in vitro GFP-based expression has been likewise 

achieved from pyrophosphate (produced during isothermal DNA synthesis) and magnesium ion 

condensed DNA nanoparticle templates (152 nm in diameter) comprising approximately 104 DNA 

copies of clonally amplified template DNA.89 Collectively, use of the aforementioned agarose-in-oil 

matrix for DNA entrapment and pre-amplification provides a straightforward and useful method 

for gene expression, and was thereby selected as a suitable technique for SICLOPPS encapsulation 

and screens. 

With regards to the amplification method of choice, the Illustra TempliPhi Amplification Kit (GE) 

uses high-fidelity bacteriophage (Bacillus subtilis) Phi29 DNA polymerase to exponentially amplify 

in vitro single or double stranded circular DNA templates by multiple displacement amplification 

(MDA).97,98 Specifically, Phi29 DNA polymerase displays competitive strand displacement synthesis 

(25 to 50 nucleotides/second with a 1 in 106 – 107error rate) and high processivity incorporating at 

least 70,000 nucleotides in one binding event alongside an inherent 3' to 5' proofreading 

exonuclease activity that is amenable to automation, does not require sequence specific 

oligonucleotide primers nor heat stable (e.g. Taq) polymerase as in conventional PCR,99 with the 

ability to amplify templates in the range of ~200 – 300 nucleotides, and is thus well suited for the 

pre-amplification of long DNA molecules in microfluidically generated droplets that may 

inadvertently coalescence during PCR thermocycling.100  

Accordingly, the experimental strategy for DNA amplification is illustrated in Figure 1.11. The 

preparation of microgram DNA quantities from pico- to nanogram circular DNA starting material 

via MDA requires the addition of random hexanucleotide primers (sequences comprising six 

random nucleotides (5' – d(N)6 – 3' where N = G, A, T, or C)) that bind non-specifically to 

denatured template DNA. This leads to the formation of complementary strands, prior to the DNA 

polymerase-mediated chain elongation and propagation. Upon reaching a downstream extended 

primer, complementary 5' end strand displacement as mediated by Phi29 DNA polymerase 

renders the newly synthesized and displaced strand single-stranded and now available for new 

hexamer priming events with further rounds of amplification. Continued primer annealing and 

strand displacement upon newly synthesized single-stranded templates results in sequence 

debranching, and hence of the exponential growth of vast hyper-branched DNA networks.99,101 
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Figure 1.11. Schematic illustration of Phi29-mediated isothermal dsDNA amplification. (A) Components 

required for isothermal dsDNA amplification with the GE Illustra TempliPhi Amplification kit. (B) Initiation of 

DNA synthesis via strand displacement with multiple primers bound to the template DNA. (C) Primers still 

present within the reaction mixture bind to the displaced strand and are used as additional initiation points 

for further DNA synthesis. Long, concatemeric molecules of dsDNA are formed.102 

1.10 Thesis aims 

To achieve the development of an ultra-high throughput droplet microfluidics platform to 

accommodate the in vitro generation and screening of a diverse SICLOPPS cyclic peptide library 

(Figure 1.12), the following five aims are addressed within this thesis, including: 

1. Demonstration of the ability to yield highly monodisperse (chapter 2; and at a sufficiently 

high frequency) w/o and agarose-in-oil droplets for the efficient compartmentalisation of 

single SICLOPPS plasmid molecules, yielding monoclonal reaction units (chapter 3) 
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2. Optimisation of single plasmid DNA molecule pre-amplification in agarose-in-oil droplets 

to yield a sufficiently high DNA concentration for subsequent IVTT (chapter 3) 

3. Determination of the feasibility to utilising the aforementioned agarose beads comprising 

pre-amplified DNA for the in vitro expression of encoded SICLOPPS genes (chapter 4) 

4. Demonstration of the ability to express SICLOPPS in vitro, verification of splicing capability 

in emulsion, and verification of the ability to recover a diverse SICLOPPS cyclic peptide 

library using FACS (chapter 5) 

5. Platform validation through screening for cyclic peptide inhibitors of Aβ42 via an Aβ42-

GFP fusion assay (chapter 5) 

 
Figure 1.12. Overview of the droplet microfluidics platform as developed herein. (1) Preparation of the 

desired gene (SICLOPPS) library for encapsulation. (2) Single DNA molecule encapsulation within 1 % final 

concentration agarose-in-oil droplets together with DNA amplification machinery. (3) Supplementation of 

washed, DNA enclosed agarose beads with IVTT to facilitate SICLOPPS intein with target co-expression. (4) 

Transformation of single w/o IVTT droplets into a w/o/w double emulsion formation for FACS compatibility. 

(5) Selection of desirable fluorescent phenotypic traits. (6) Library recovery with subsequent enrichment.  
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Chapter 2 Monodisperse droplet formation at the 

femtoliter scale 

2.1 Overview 

The ability to perform complex microfluidic operations and manipulations at the micrometre scale 

typically requires the availability of sophisticated research tools that are specific to the task at 

hand. Although the acquisition of specialised off-the-shelf instrumentation may be achieved by 

way of go-to commercial outlets, the operational challenges and costs incurred through 

purchasing microfluidic equipment often limits its widespread use. Since the emergence of free, 

open-source hardware (e.g. Arduino) and additive manufacturing methods (e.g. 3D printing) 

provides an effective solution to overcoming the divide between (1) commercially available and 

(2) open-source, automated, and extendable instrumentation (providing simplistic and 

inexpensive peripheral blueprints for the development of precision-tailored equipment), this 

chapter details the construction of an in-house built and fully programmable microfluidic set-up, 

comprising independently operated infusion-only syringe pumps and 3D modelled electronic 

microscope, and of its application for the purposes of droplet generation. Thereafter, the kHz 

production of highly monodisperse femtoliter-sized aqueous-in-oil droplets and of their 

transformation into FACS amenable w/o/w double emulsions, suitable for SICLOPPS library 

encapsulations and screening, is described. Collectively, this chapter provides the foundation 

upon which the upcoming studies of chapters 3 – 5, focused on single plasmid molecule DNA 

amplification, in vitro compartmentalisation, and FACS assay development, will be achieved. For a 

comprehensive procedure on the construction of the microfluidic syringe pumps as utilised herein 

with graphical software frontend control, the reader is directed to DropletKitchen103 

(https://dropletkitchen.github.io), a GitHub repository comprising detailed design files, software 

code, and open instrumentation how-tos for microfluidics-based applications. 

2.2 Development of a droplet microfluidics platform for femtoliter-

sized droplet generation 

As a first step in the manufacture of a cost-effective in-house built microfluidics workstation, a 

solid inverted light microscopy platform for the fixation and accurate focusing of PDMS-based 

microfluidic chips with universal serial bus (USB)-mediated sample visualisation104 (and object 

illumination via a light emitting diode (LED)) was conceptually designed using OpenSCAD, an 
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open-source Computer-Aided Design (CAD) software.105  Specifically, OpenSCAD was selected due 

to its accessibility, capacity to directly convert mathematical code (C++, a general purpose 

programming language) into 3D objects, as well as in its ability to yield 3D printable files with ease 

(in comparison to e.g. Rhino3D CAD software – more suited to complex component layout 

schemes).105 Since the framework arrangement of a microscope typically consists of three 

underlying parts, including (1) a platform for the fixation and accurate focusing of microscaled 

microfluidic objects, (2) optics to facilitate the magnification of the desired specimen (e.g. droplet 

generation), and (3) a light source (from either above or below) to mediate object illumination, a 

highly portable and miniaturised microscope was designed and assembled as demonstrated 

herein with the three aforementioned components in mind (Figure 2.1). 

 

Figure 2.1. Standard microscope configuration. The light path of an (Left) upright and (Right) 

inverted microscope, both of which use epifluorescent illumination. Microscope differentiation 

is determined by the objective lens and light source location relative to the microscope stage.105 

For miniature xy stage construction, an initial solid OpenSCAD designed 3D CAD model comprising 

an upper, middle, and lower base platform framework to facilitate sample observations and 

analysis was designed in line with previous DIY models (Figure 2.2).103 Specifically, the upper 

platform comprises a simplistic 30 mm diameter optics opening for sample viewings and 

magnification, with three 9.5 mm diameter holes to fit 1/4”-80-3A thread, 51 mm long fine 

adjustment screws106 for the purpose of stage height adjustments and sample z focus (axial 

distance between the objective lens and sample107; Figure 2.2A). Likewise, the middle platform 

was designed to comprise a 50 x 75 mm trapezoid-like cavity to permit video camera fitting (Figure 

2.2B), whilst providing structural support and stability for the fine adjustment screws (during 

operational object focusing). Alongside, the base stage incorporates three 10 mm indentations to 
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accommodate 10 mm diameter by 1 mm thick N35 neodymium magnets (the most commonly 

employed, permanent rare-earth magnet for e.g. industrial electrical motor manufacture and 

medical science applications108) that hold, via the hex adjustment screws, all three platforms 

together. Overall, the microscope stage height (<15 cm) was strategically designed to match that 

of the syringe pumps used, effectively eliminating the need for unnecessary and costly add-on 

jack and height adjustment mounts. Moreover, this open-source platform (code provided – 

subsection 7.2.6) is advantageous over existing commercially available and bulky alternatives in 

terms of cost, portability, and size. 

 

Figure 2.2. OpenSCAD modelling of an open-source microscopy platform. (A) OpenSCAD 3D model 

of the microscope designed for droplet microfluidics, front view. (B) Side view with video camera 

slot placement. (C) Inferior view of the 3D modelled design. (D) 2D representation of the top layer 

of (A) for file exportation into a laser-cutting compatible format via the projection(cut=true) code 

line. 

For microscope assembly, each 3D layer was sliced using the projection(cut=true) function in 

OpenScad to create a 2D drawing by projecting each 3D object to the (x, y) plane, where z = 0, for 

file exportation into a laser-cutting compatible drawing interchange format (.DXF) filename 

extension (Figure 2.2D; to facilitate the rapid generation and assembly of microscope parts). 

Alternatively, rendered models can be exported into a stereolithography (.STL) format for 3D 

printing. Microscope parts were subsequently cut on 5 mm acrylic sheets (410 x 280 mm, length x 
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height; sufficient thickness for a stable frame, and using Figure 2.3 schematics) and assembled as 

demonstrated in Figure 2.5. For sample illumination, a neutral white high power LUXEON Rebel ES 

Series LED with an epoxy mounted Luxeon Rebel lens (for LED light focusing), driven via an 

adjustable LED driver to facilitate manual LED brightness control, was assembled in accordance 

with instructions from DropletKitchen.103 Collectively, the microscope developed herein is 

minimalistic, featuring a fully customisable, application-specific, as well as general-purpose 

design. 

 

Figure 2.3. 2D .DXF schematics for the construction of a microfluidics imaging platform. 

(A) Base plate. (B) Middle plate used for optical rig construction and camera mounting. (C) 

Top plate comprising an off-centre 30 mm diameter hole for camera lens insertion, with three 

smaller 3 mm diameter holes for x – y manual stage mounting. (D) Light source hold for use with 

the desired LED. 

The ability to accurately visualise the dynamics and composition of a fast moving object for 

droplet microfluidic applications requires the selection of a suitable video camera for quantitative 

sample analysis. Although basic portable USB-based webcam/imaging devices are incapable of 
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delivering the high-speed video recording capability (for slow motion video capture detailing 

droplet formation and conformational changes109) of their industrial scientific grade counterparts 

(e.g. Miro eX-series), such off-the-shelf and low-cost systems are nevertheless capable of 

providing reasonable optical performance at minimal cost by virtue of mass production.110 In 

particular, the Sony PlayStation 3 (PS3) Eye rolling shutter USB-based gaming webcam (Figure 2.4) 

has emerged as a popular imaging tool for various hacking and miniaturised microscope 

applications due to its low cost, fast frame rate, and recording capability (approximately £5  – £7; 

alternatives include the SONY 811 700TVL CCD (Charge-Coupled Device) video board camera 

(£18.99)). In keeping with the former, a PS Eye webcam with frame rates (the frequency at which 

consecutive frames, or images, are displayed in sequence) of 60 Hz and 120 Hz (or frames per 

second, FPS, where 1 Hz = 1 FPS) at 640 x 480 and 320 x 240 pixels resolution, respectively, was 

readily modified for specimen magnification in conjunction with the aforementioned microscopy 

platform. Considering the frequency of single w/o droplet generation was later determined to 

range 8.76 to 61.35 kHz (subsection 2.3), use of the PS3 Eye camera was found to provide an 

adequately high frame rate to accommodate the visualisation of monodisperse on-chip 

operations, and of the inspection of double emulsion formation (subsection 2.4; to ensure the 

encapsulation of a single inner aqueous droplet per w/o/w, and which is in contrast to costly high-

speed alternatives; droplet generation at significantly increased speeds with an insufficiently high 

FPS would lead to droplet blurring). Since the PS3 Eye features an adjustable two-setting fixed 

focus zoom lens, manually selected for by rotating the lens barrel, a 56° Field of View (FOV, the 

extent of the observable world that is seen at any given moment) for close-up increased 

magnification framing, or a 75° field of view for wide-shot framing, can interchangeably be 

employed. 
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Figure 2.4. PS3 Eye camera hacking and conversion into an inverted USB microscope. (A) 

Mount disassembled PS3 Eye in the absence of a camera case. (B) Lens mount disassembly with 

physical removal of the optical lens. (C – D) Re-mounting of a 180 °C inverted lens for sample 

magnification. (E – F) Prevention of light entrance through the sealing of cut slits via Blu-Tack and 

scotch tape. 

Few modifications are required to convert a standard USB-based webcam into an operational 

electronic microscope. In particular, a straightforward methodology for consumer video camera 

use is to invert the position of the camera lens (where magnification is dependent upon the 

distance between the objective and complementary metal–oxide–semiconductor (CMOS) image 

sensor), whilst leaving the underlying electronic machinery/circuit board unaltered. To achieve 

this, the internal PS3 Eye printed circuit board was extracted (through brute force), followed by 

dismantling of the bottom, threaded interior case housing the desired optics piece (via the 

creation of a clean vertical cut along its side, Figure 2.4B). Upon remounting of the threaded 

interior case (Figure 2.4D), the optics was inverted 180° and held in place via Blu-Tack with scotch 

and/or electrical tape to prevent the entrance of light; the resulting effect is the same as that of a 

telescope if looked through the incorrect end, where objects appear further away as opposed to 

enlarged, effectively generating a wide-angle lens. For USB-based operations, the resulting 

camera is Mac, Linux, and Windows system compatible, with open-source drives for the 

acquisition of electronic photos and recorded films from 

http://codelaboratories.com/downloads/. Overall, incorporation of the hacked PS3 Eye camera 

with the aforementioned and assembled imaging optical framework for microfluidics applications 

is demonstrated in Figure 2.5. 
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Figure 2.5. Construction of a laser-cut open-source microfluidics imaging platform. (A) 

Middle and base microscope plates comprising a mounted PS3 Eye camera. (B) Fully assembled 

microfluidics rig. 

Alongside the constructed optical platform, a method for the gradual administration of small fluid 

volumes into a microfluidic chip for aqueous droplet generation is required. Although professional 

equipment exists for both flow-controlled and pressure driven fluidic pumps (with the former 

representing the most commonly employed111–113), these commercial systems are nevertheless 

expensive, and restricted in their modular expandability, thereby hindering individual 

customisation.114  To thereby enable the precise handling and gradual administration of fluid 

volumes on chip, inexpensive in-house built programmable syringe pumps, courtesy of 

DropletKitchen, were utilised in combination with a Pure Data (PD, an open source visual 

programming language)-graphical frontend interface to permit synchronous and independent 

control of up to four identically sized infusion only pumps (Figure 2.6). In particular, the 

underlying principle that governs this mode of infusion is the ability to unload a fluid filled syringe 

via a precision stepping motor. Here, gradual depression of the enclosed syringe plunger is 

facilitated by a transmission shaft/fine-pitch lead screw that presses steadily against its end. This 

movement is in turn monitored by a microcontroller to keep track of the volumes infused, 

whereby a constant (and thus linear) speed of fluid flow, dependent upon the cross-section of the 

syringe and velocity of the piston being moved, is brought about. 
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Figure 2.6. Syringe pump set-up for droplet microfluidic applications. (A) DropletKitchen open 

source microfluidic syringe pump comprising 3D printed components. (B) Teensy 3.1 

microcontroller with quadstepper motor driver board. 

For liquid handling, each microfluidic pump comprising a single bipolar NEMA (National Electrical 

Manufacturers Association) 17 stepper motor (used to convert digital pulses into mechanical shaft 

rotations) and leadscrew linkage for syringe handle depression, was controlled via a SparkFun 

quadstepper motor driver board providing 3.3 V (on-board 5V/3.3 V selectable regulation by way 

of a jumper - a short length of conductor that can be used to close, open, or bypass part of an 

electronic circuit) to step the required 1.7 A/phase, 0.9° step angle motor (Figure 2.6A).103,113,115 

With the selected sixteenth-step microstepping mode, which further subdivides the number of 

positions between poles and is used in applications requiring accurate positioning and smoother 

motion over a broader range of speeds, a single leadscrew revelation (318 µm movement, 

360°/0.9° to give 400 steps per rotation/revolution) is divided into 6400 steps (400 multiplied by 

16) to achieve a reduced roughness of motion with enhanced flow stability alongside a reasonable 

degree of accuracy and control over liquid volume ejection.103,113,115 Accordingly, microfluidic 

syringe pump assembly with the aforementioned optical system is demonstrated in Figure 2.7. 
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Figure 2.7. Microfluidics workstation for aqueous droplet generation. (A) Set-up comprising four 

individual syringe pumps for fluid injection control, an optical microscope with integrated PS3 Eye 

for microscopic observation, and a graphical interface for syringe pump control. (B) 

Electronic inverted microscope for device channel magnification. (C) PDMS JUS microfluidic chip. 

The quadstepper driver board responsible for operating each of the four bipolar stepper motors 

was in turn controlled via a complete 3.3 V, 32-bit ARM (Acorn RISC Machine) USB-based teensy 

3.1 microcontroller development system (providing high speed USB data transfer and 

compatibility with the Arduino toolchain – a set of programming tools used to perform software 

development tasks or to create a new software product), together with a software front-end 

written and compiled in PD, allowing for “live” system modifications (Figure 2.8).103 For 

convenience, syringe barrel diameters were hardcoded directly onto the microcontroller. Overall, 

the flow rate to delay time conversion is dependent upon the type of motor used (steps/rev), 

thread-type of the leadscrew (µm/revolution), and syringe diameter employed. Accordingly, the 

communication protocol between the Teensy and PD is Open Sound Control (OSC, 

http://opensoundcontrol.org/introduction-osc), a real-time protocol for networking multimedia 

devices and computers for purposes such as show control that provides both flexible and easy 
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two-way communication to transmit information (e.g. sound and other media processes) via two 

parties. Collectively, the versatility of the software presented herein allows for the 

implementation of a variety of functions specific to the application at hand. 

 

Figure 2.8. Pure Data graphical interface for manual syringe pump operation. (Left) Syringe pump 

control permits manual alteration of the required flow rate via a simple slider function. 

In line with inexpensive open-source solutions, the electronic optical microscope assembled 

herein boasts a parts cost of under £130, with each syringe pump costing approximately £106.103  

This is in contrast to commercially available alternatives costing between £220 (NE-300 “Just 

Infusion” syringe pump) to over £5000 (402 Syringe Pump from Gilson Inc.104,113) per pump. 

Collectively, the open-source ecosystem lends itself well to a diverse range of research and 

scientific endeavours – in utilising open-source 3D printers and hardware, alongside laser-cutters 

and freely available software and designs, can the creation and manufacture of ultra-simplistic 

instruments at a small fraction of its marketed price be achieved. The ability to alter and fine-tune 

these designs and functions to produce fully customisable equipment that better aligns with that 

of a specific scientific goal effectively eliminates the need to make do with what is available 

commercially. In applying these principles, the development of a simplistic electronic optical 

microscope design and open-source syringe pump station (via Droplet Kitchen) is presented, with 

which only readily available and open-source hardware were used for both design and 

manufacturing purposes. 

r   a

print

0

route0SC  /pump0
route0SC  /direction s  p0

route 0SC  /flowrate

devices
open 3

close

devicename COM3unpack0SC

pack0SC

delay 200
delay 100

pack   s   f    f    f    f    f    f    f    f spigot

r   b r   c r   d r   e r   f r   g r   h

ManualControl

PUMP0_1.46mm_dia PUMP1_1.46mm_dia

PUMP2_2.3mm_dia PUMP3_2.3mm_dia

FOR OPERATION: (1) Plug in USB cable (2) OPEN PD
(3) TURN on SOCKET PLUG (4) OPERATE PUMPS! :)

o.io.slipserial

Open/close

prints_to_console

list trim receive data

push_settings

X= direct_drive_mode
[ ] = bang_to_push

connect this to objects for debugging;
(prints to console window)

Feedback_from_uController

0

r  p0

10

i
0
s  a

flowrate(micL/h)
s  e

10

i
0
s  a

flowrate(micL/h)
s  e

10

i
0
s  a

flowrate(micL/h)
s  e

10

i
0
s  a

flowrate(micL/h)
s  e

0

route0SC  /pump1
route0SC  /direction s  p1

route 0SC  /flowrate

0

r  p1

0

route0SC  /pump2
route0SC  /direction s  p2

route 0SC  /flowrate

0

r  p2

0

route0SC  /pump3
route0SC  /direction s  p3

route 0SC  /flowrate

0



Chapter 2 

37 

2.3 Monodisperse aqueous droplet generation at the femtolitre scale 

To evaluate the functionality of the aforementioned platform, on-chip microfluidic droplet 

generation was next performed. To ensure complete SICLOPPS library coverage for ultra-high 

throughput screening applications, a microfluidic JUS chip (for Jung-uk Shim; Krytox 157 FSL 

Jeffamine ED-600 disalt surfactant – synthesised externally and kindly provided by MF)75 bearing a 

local constriction within a 300 µm section of the device flow-focus (whereby the channel 

dimensions are reduced from 100 x 25 µm (width x depth) to 10 x 5 µm) was selected for flow-

focusing applications (Figure 2.9). Specifically, the strategically designed and locally narrowed 

flow-focusing nozzle of the aforementioned device acts to enhance injected flow speeds, enabling 

the generation and controlled manipulation of femtoliter sized droplets (or femtodroplets) at 

experimentally verified frequencies of up to 1.3 MHz (8.6 fL)75 – approximately 2 orders of 

magnitude greater than of those previously reported (0.1 to 2 kHz).85 As such, the JUS geometry 

overcomes the limitations of alternative chip designs that require the application of a large shear 

force through increased continuous phase flow rate and/or reduced channel dimensions to 

achieve increased production speeds (alterations that may inadvertently lead to instabilities in 

fluid flow alongside other complications e.g. high internal pressure).116 

 

Figure 2.9. Flow-focusing JUS PDMS device. Device comprises a 10 µm x 5 µm (w x d) 

nozzle and 100 µm x 25 µm (w x d) flow channel. Four inlets facilitate fluid injection; two outer 

ports (for oil) and two middle ports (aqueous solutions) are used.75 

Accordingly, droplets comprising 100 µM fluorescein isothiocyanate (FITC dye, for qualitative 

analysis) in 1X TAE (pH ~7.5, since the emission of FITC fluorescence is strongly dependent upon 

the surrounding pH117) were formed in hydrofluoroether HFE-7500 previously mixed with 5 % 

Krytox 157 FSL Jeffamine ED-600 disalt surfactant75 (not commercially available) to decrease the 

interfacial tension at the oil-water interface. To simultaneously investigate the frequency of 
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femtodroplet formation for library encapsulation as dictated by Poisson statistics (assuming λ = 

1.3, whereby 35.43 % of all droplet comprise a single plasmid copy), the influence of volumetric 

flow speeds on droplet diameter, as determined by the oil/water flow rate ratio, R1/R2, was 

examined by increasing the oil phase flow rate in a step-wise manner (10 µL/h to 60 µL/h, with 10 

µL/h increments) whilst maintaining a constant volumetric flow rate for the aqueous phase (10 

µL/h). The frequency of droplet formation, which is expected to increase with a decrease in 

droplet size, was theoretically calculated as 𝑓 = 	%&'
()

, where f is the frequency of production (Hz), 

Qaq the aqueous flow rate (µL/s), and DV the final droplet volume (µL) as determined by Image J. 

Specifically, mean droplet diameters were back calculated from area measurements of 

photographed images.118 

To determine the average droplet diameter, samples were pipetted into disposable Fast-Read 

Counting Slides and imaged using an Olympus CKX41 inverted microscope or Zeiss Axio II; a 

QIClick CCD camera was fitted for image capture and controlled using open-source microscopy 

software (Micro-Manager). For analysis, brightfield and fluorescent photographs were saved as 

16-bit files and processed with ImageJ software to yield column statistics on droplet diameter and 

volume via the “Analyse Particles” function. The circularity above a user-defined threshold for all 

objects larger than a specified minimum cut-off (0.8) was measured and tabulated for data 

processing.74 Thereafter, a 0.5 µm bin size was applied following ImageJ analysis of three 

independently acquired brightfield and fluorescence photographs, in which the y-axis (droplet 

count) of each diameter distribution histogram was normalised and the results presented as 

fractions. The PS Eye mediated image capture and the generation of aqueous femtodroplets on 

chip is demonstrated in Figure 2.10, whereby two immiscible liquids enter the device via four 

parallel microchannels to allow for the mixing of two separate aqueous streams. 

 

Figure 2.10. JUS device-mediated femtodroplet generation. Droplets are generated via the 

application of an increasing oil/surfactant flow rate ranging 10 – 60 µL/h (A – F, respectively) 

whilst maintaining a constant aqueous flow (10 µL/h). 
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At the device orifice, the 5 % Krytox 157 FSL Jeffamine ED-600 disalt surfactant containing 

fluorous HFE-7500 carrier oil intersects that of the newly merged aqueous stream to facilitate the 

break-up of the dispersed phase thread. Interestingly, the observation of a fixed, elongated 

aqueous stream at the nozzle orifice during droplet formation as previously reported,75 is 

speculative of a “tipstreaming” mechanism of action for droplet production with a dripping 

regime of breakup, i.e. the formation of a conical droplet shape with a highly sharpened tip from 

which smaller droplets (as small as 0.5 µm in diameter119) are released.120 First reported in 

1934,121 surfactant-mediated microscale tipstreaming represents a hydrodynamic phenomenon 

capable of generating submicron sized droplets via interfacial surfactant concentration gradients 

that develop as a result of the elongational flows generated within flow-focusing geometries119; a 

basic physical model is illustrated in Figure 2.11.120 

 

Figure 2.11. Schematic illustration of the basic physical model for surfactant-mediated tipstreaming.120 

As demonstrated, the observation of hexagonal and close-packed w/o monolayers under each 

experimentally tested condition (Figure 2.12A-F) is indicative of high droplet uniformity that is 

likewise supported by a typical coefficient of variation (C.V., standard deviation/mean 

fluorescence) that is less than 6 %85 (2.64 – 5.99%). Moreover, the observation of single narrow 

main peaks for each particle diameter distribution with exhibited mean values ranging 4.46 ± 

0.22µm to 8.54 ± 0.58 µm for 60 µL/h and 10 µL/h oil/surfactant rates, respectively, further 

exemplifies the feasibility of controlled monodisperse aqueous droplet generation at the 

femtolitre scale via the in-house built microfluidics workstation as detailed in section 2.2. Since 

monodispersity represents a fundamental prerequisite to achieving quantitative and comparative 

measurements from spherical droplets of known size and concentration,122 these w/o droplets are 

thus well-suited for high-throughput biological screening applications as well as of a broad range 

of analytical processes such as single cell analysis and digital PCR.85 
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Figure 2.12. Diameter distribution of single 100 µM containing JUS-device generated w/o 

femtodroplets. Droplets generated through the application of an increasing oil/surfactant flow 

rate from 10 – 60 µL/h (A – F, respectively) whilst maintaining a constant aqueous flow (10 µL/h). 

Corresponding brightfield and fluorescent photographs of emulsion samples for each 

experimentally tested condition are presented above. Bin size = 0.5 µm. 

Since methodical alteration in the flow rate of the continuous phase is inversely proportional to 

the resulting droplet diameter and proportional to the droplet production frequency, the 

observed increase in generation speed from 8.76 ± 1.20 up to 61.35 ± 5.76 kHz at 10 and 60 µL/h, 

respectively, is in line with expectations (Table 2.1, Figure 2.13). Interestingly, the greatest 

recorded speed yielded a total of 2.21 x 108 droplets per hour, whilst the slowest exhibiting a one-

to-one aqueous-to-oil flow rate ratio (8.76 ± 1.20 kHz) and 8.54 ± 0.58 µm droplet size yielded 

3.07 x 107 droplets per hour, thereby demonstrating the feasibility of small aqueous femtodroplet 

generation at sufficiently large frequencies for the coverage of both CX5 and CX6 SICLOPPS 

libraries. Conversely, the application of a two-to-one flow rate ratio resulted in the termination of 

monodisperse orifice mediated droplet generation with a characteristic jetting flow regime 

(droplet detachment from an extended fluid thread that extends down into the main 

microchannel due to Rayleigh-Plateau instability).67,123 
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Figure 2.13. Influence of oil flow rate on droplet diameter, volume, and production rate. (A) Droplet 

diameter versus oil flow rate for single emulsion droplet generation. (B) Droplet generation (kHz) and 

average volumes plotted against oil flow rate of 10 – 60 µl/h. Values plotted as mean with SD from which 

three independent photographs of three separate samples were analysed. 

 
Oil flow rate 

(µL/h) 
Aqueous flow rate 

(µL/h) 
Droplet diameter 

(µm) 
Droplet volume 

(fL) 
Droplet formation 

(kHz) 
10 10 8.54±0.58 323.36±48.27 8.76±1.20 
20 10 7.06±0.63 187.00±14.07 15.21±1.08 
30 10 5.84±0.27 106.36±9.26 26.37±2.38 
40 10 5.44±0.44 84.67±4.20 33.42±1.54 
50 10 4.78±0.26 57.63±3.04 48.71±2.59 
60 10 4.46±0.22 45.82±4.04 61.35±5.76 

Table 2.1. Droplet diameter and volume analysis of single w/o emulsion droplets 

generated under increasing oil/surfactant flow rates. Data acquired via ImageJ analysis of three 

independent photographs of fluorescent 100 µM FITC containing droplets. Droplet diameter, 

volume, and generation values noted as mean with standard deviation. 

In assessing the long-term stability of emulsified samples, the w/o droplets as generated herein 

were observed to be stable for at least one year when stored submerged in oil/surfactant solution 

beneath a mineral oil layer at 4 °C, and with no coalescence observed via microscopy.60 With 

regards to sample processing, the application of a manual focus (as opposed to the use of an 

inherent set-point for correct image focusing and thus the elimination of human bias) was not 

determined to significantly alter the resulting particle size distributions, since minor yet 

distinguishable adjustments in sample focus were observed to yield near identical results 

following ImageJ particle analysis. 

2.4 Monodisperse double emulsion droplet generation 

The incompatibility of FACS instrumentation and aqueous sheath fluid with non-aqueous w/o 

suspensions necessitates the need for an additional emulsification step. To overcome the need for 
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flow rate balancing and complicated multi-step fabrication procedures, as is usually the case with 

single integrated double emulsion forming chips, a straightforward two-step emulsification 

methodology employing two separate flow-focusing chips was used to facilitate stable w/o/w 

double emulsion generation for FACS screening applications.60 Although the fabrication of 

hydrophobic surfaces for w/o droplet formation may be achieved through use of 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane in fluorinated oil HFE-7500 (1%, w/w), the sequential 

Layer-by-Layer (LbL) deposition of polyelectrolytes was used for the creation of hydrophilic 

microchannels to prevent droplet adherence to the device channel walls and to promote wetting 

with the appropriate carrier phase.67 Accordingly, for polyelectrolyte multilayer self-assembly at 

the luminal chip wall, the sequential deposition of 2 mg/mL polydiallyldimethylammonium 

chloride (pDADMAC, a high charge density cationic homopolymer of diallyldimethylammonium 

chloride) and 2 mg/mL poly(styrene sulfonate) (PSS) polyanions following oxygen plasma yields a 

negatively charged hydrophilic surface coat via overcompensation of the original surface charge.  

To facilitate an investigation into the feasibility of monodisperse and structurally well-defined 

double emulsion generation using the aforementioned two-chip system, double emulsion 

droplets comprising an 8 µm diameter (as a feasible starting point), 100 µM FITC inner aqueous 

core and 1 % tris/tween 80 (as an isotonic outer aqueous phase comprising tween 80 facilitates 

emulsion stability during storage60) continuous aqueous phase were next generated via the 

experimental set-up as demonstrated in Figure 2.14. To permit the generation of droplets with 

varying oil-shell thickness and size, hydrophilic 3-inlet 15 x 26 µm and 15 x 16 µm (w x h) PDMS 

devices were selected for subsequent w/o droplet re-emulsification. To yield double emulsions 

comprising a single, inner aqueous core and intermediary fluorocarbon shell, stable w/o droplets 

were temporarily stored within a vertically mounted 100 µL glass syringe (10 minutes, to enable 

the formation of a concentrated thickness of droplets prior to injection) overlaid with mineral oil 

to eliminate the dead space present as mediated by the glass syringe needle and polythene device 

tubing (Figure 2.14, Left). 
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Figure 2.14. Double emulsion formation using a two-chip based microfluidic workstation. (Left) 

Prior to re-injection for double emulsion production, single aqueous droplets are stored 

temporarily in an upright glass syringe. (Middle) Connection of emulsion, dispersed FC-40, and 

continuous 1 % tris/tween 80 fluids to a hydrophilic 15 x 16 µm microfluidic chip. (Right) Enlarged 

photograph of device connection as in (Middle). 

Accordingly, the illustrative workflow for double emulsion formation is demonstrated in (Figure 

2.15), whereby the re-encapsulation of single w/o femtodroplets (at an intentionally reduced flow 

speed; 4 µL/h to ensure single particle encapsulation) for flow cytometric analysis is achieved via 

the manual application of a second, perpendicular stream of fully fluorinated and thermally stable 

FC-40 oil that intersects that of the primary emulsion (11 µL/h and 15 µL/h for 15 x 26 and 15 x 16 

µm hydrophilic devices, respectively).60,124 Specifically, the application of FC-40 allows for the even 

spacing of newly injected aqueous w/o droplets prior to re-encapsulation such that each double 

emulsion droplet comprises only a single aqueous core. Since intrinsic properties including fluid 

viscosity and interfacial tension (tailored by surfactant choice) alongside geometrical and fluidic 

factors (oleic medium) influence droplet formation and size,125 the increased FC-40 viscosity 

(kinematic viscosity – ratio of the dynamic viscosity to density – of 2.2 centistokes (cSt, m2s-1) at 

25 °C and density of 1.85 kgm-3), in contrast to HFE-7500 alternatives (0.77 cSt), renders its use 

particularly well-suited to such double emulsion applications (as well as in subsequent IVTT, since 

FC-40 over HFE minimises the diffusion of small molecules between droplets during heating).60 
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Figure 2.15. Schematic of double emulsion generation via a two-chip based microfluidic 

set-up. Droplets move from left to right. (A) Generation of single w/o droplets via a hydrophobic 

JUS microfluidic device. Following collection, w/o droplets are re-injected into a second, 3-inlet 

hydrophilic device comprising larger channel dimensions. Simultaneous FC-40 phase injection 

allows for the even spacing of incoming aqueous droplets to avoid double droplet occupancy. 

 (B) Brightfield photograph of double emulsion formation at the device orifice using a PS Eye;  

 (B, right) magnified double emulsion droplet where ID represents the inner droplet apparent 

diameter and OD the outer droplet apparent diameter. (B, below) Illustration of the flow-focusing 

device utilised herein for double emulsion formation. 

Inspection of over 200 double emulsion droplets revealed high levels of sample monodispersity as 

evidenced by low CV values of 1.79 % and 2.41 % for droplets exhibiting a mean diameter of 26 

µm and 16 µm (9.2 pL and 2.1 pL) via 15 x 26 µm and 15 x 16 µm chips, respectively (Figure 2.16). 

Accordingly, the ability to yield JUS-device mediated femtolitre-sized inner w/o droplets with 

diameters ranging 4 – 8 µm facilitates the favourable generation of singly encapsulated small 

double emulsion droplets for high-throughput screening applications. As demonstrated, the 

aforementioned droplets exhibit an approximate 3 – 5 fold decrease in sample diameter with 

volumes at least two orders of magnitude smaller than of those that are typically employed (e.g. 
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83.5 µm w/o/w droplets for the cultivation of bacterial cells harbouring GFP with TetR-regulated 

promoter control,126 109.4 µm for methods employing a single integrated chip,67 and 150 µm to 

200 µm via commercial double encapsulation chipsets (Dolomite)). Since particles greater than 

approximately one-third of the FACS orifice diameter perturbs sorting efficiencies by disturbing 

the stability of droplet break-off (e.g. a flow cytometric set-up comprising a 100 µm nozzle (BD 

FACS Aria) can only sort droplets with an exhibited diameter of less than 33 µm127), the w/o/w 

droplets generated herein are thus well-suited for efficient high-throughput sorting via FACS. 

Although double emulsion exposure to an external solution comprising a 10-fold higher ionic 

buffer strength than that of the inner droplet can be used to facilitate the osmosis-based 

shrinkage of large double emulsion drops,60 the use of a two-chip methodology with an initial JUS 

device effectively eliminates the need for such steps. 

Alongside hydrophilic device channel length/width dimensions and inner aqueous droplet size, 

double emulsion geometry varies as a function of the FC-40 and continuous phase flow rates 

used.128  Whilst the application of reduced 1 % tris/tween 80 flow rates ranging 20 µL/h to 30 µL/h 

for both 15 x 16 µm and 15 x 26 µm devices favoured multiple inner droplet occupancy (hindering 

individual FACS-based sorting, and lowering the purity of the separated sample fractions82), the 

application of increased continuous phase flow speeds and FC-40 spacer yielded double emulsions 

in which the majority contained only a single inner drop. Beyond a continuous phase flow rate of 

200 µL/h and dispersed FC-40 rate of 50 µL/h in each case, however, the vast majority of o/w 

droplets lacked an internal aqueous core. With regards to the latter, the resulting instabilities in 

system operation with backing-up of the primary w/o emulsion upon the application of high 

continuous phase flow rates is in line with similar and previous reports.128  

Despite experimental optimisation, a small proportion of droplets (approximately 0.4 % and 0.7 % 

of the total droplet population for 15 x 16 µm and 15 x 26 µm devices, respectively) comprised 

two inner aqueous cores (Figure 2.16, arrow); these so-called doublets are typically formed upon 

use of a device geometry in which the channel width is approximately 1.3 times greater than that 

of the injected w/o diameter (representing the most likely cause for the data presented within, 

and for which use of a 10 x 16 µm device may have been more optimally suited).60 Collectively, 

the generation of singly occupied double emulsion droplets for high-throughput sorting 

applications requires (1) careful selection of the length and width geometries of the w/o/w 

hydrophilic device employed, and (2) optimisation of the dispersed and continuous phase flow 

rates. In line with previous reports, the double emulsion suspensions as generated herein were 

observed to retain their structural integrity and conformational stability when stored submerged 

in 1 % tris/tween 80 solutions (4 °C) for up to a year without any noticeable coalescence via 

microscopy.60 
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Figure 2.16. Controlled generation of monodisperse 100 µM FITC double emulsions.  

Droplets comprise a 5 % JUS/HFE-7500 with FC-40 oil shell and 1 % tris/tween 80 external phase. 

(A and B) Brightfield photographs of double emulsions via a 15 x 26 µm hydrophilic device (emulsion: 

 4 µL/h, FC-40: 11 µL/h, and 1 % tris/tween80: 35 µL/h). Insert: magnified double emulsion; 

internal aqueous core and outer droplet diameter are shown as ID and OD, respectively. Arrows 

highlight doubly occupied double emulsions. (C) Corresponding outer diameter distribution 

histogram for Figures A and B. (D & E) Brightfield photographs of double emulsions exhibiting a 

smaller oil shell thickness; droplets generated via a 15 x 16 µm hydrophilic device (emulsion: 4 

µL/h, FC-40: 15 µL/h, and 1 % tris/tween 80: 60 µL/h). (F) Corresponding outer diameter 

distribution histogram for Figures D and E. 

To next determine whether the aforementioned double emulsion droplets could serve as defined 

microreactor compartments for quantitative flow cytometric analysis, w/o/w double emulsions 

comprising an inner FITC-containing aqueous core (at increasing concentrations) were formed.82 
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As demonstrated, a series of four independent and singly occupied double emulsion samples 

were generated via the injection of w/o droplets approximately 5 µm in diameter at a flow rate of 

10 µL/h comprising either (1) 1X TAE buffer (pH 7.5), (2) 1 µM FITC in 1X TAE, (3) 10 µM FITC in 1X 

TAE, or (4) 100 µM FITC in 1X TAE into a hyrophilically coated 3-inlet 10 x 16 µm device (selected 

due to a width less than 1.3 times the droplet diameter; aqueous droplet size used to determine 

the feasibility to generating smaller double emulsions with the smallest hydrophilic device 

dimensions available). To facilitate the even spacing of incoming w/o droplets prior to 

encapsulation at the device orifice, an intermediary FC-40 flow rate (30 µL/h) was utilised 

alongside a continuous 1 % tris/tween 80 flow (60 µL/h) to yield double emulsions ~15.40 µm in 

diameter (1.91 pL), and with production speeds approximately 10 times greater than of those 

previously reported (5.82 kHz versus 600 Hz; by taking into consideration the combined flow rate 

of emulsion and FC-40 for frequency calculation).82  

As exemplified by the initial observation of hexagonal and close-packed monolayers at both 20x 

and 40x magnifications, qualitative comparison of all brightfield micrographs revealed each 

suspension to comprise highly monodisperse and singly occupied w/o/w double emulsions (Figure 

2.17). To avoid overexposure at fluorophore concentrations ranging 10 µM to 100 µM, a pre-set 

exposure time of 5,000 milliseconds was utilised for all fluorescence microscopy photographs. 

Correspondingly, a clear correlation between the dye content and intensity of fluorescence 

emission was detected for all samples (particularly of those comprising 10 µM and 100 µM FITC), 

in which the observation of strong FITC-mediated fluorescence emission localised to within the 

inner aqueous core was observed. Interestingly, the absence of green fluorescence emission from 

the outer 1 % tris/tween 80 continuous phase is indicative of a lack of free fluorophore diffusion 

into the external carrier phase, as adequately prevented by the FC-40 intermediary shell.82 

Accordingly, this lack of diffusion is a key prerequisite to the use of double emulsions as discrete, 

biochemically isolated, and FACS amenable microcompartments within a broad range of 

application areas including clinical diagnostics, pharmaceuticals, and chemicals. 
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Figure 2.17. Generation of double emulsion droplets comprising an inner 1 – 100 µM FITC 

aqueous core for flow cytometric analysis. (A – C) 40x brightfield with corresponding fluorescence. 

(D – F) 20x magnification samples. Single w/o droplets were generated via a hydrophobic JUS 

device through the application of two aqueous glass syringes filled with either 1, 10, or 100 µM 

FITC. Single emulsion droplets were thereafter re-emulsified into a double emulsion format using 

a hydrophilic 3-inlet 10 x 16 µm device. 

For quantitative flow cytometric analysis, double emulsions were next analysed using a BD Accuri 

C6 flow cytometer under 488 nm laser excitation with 530 ± 30 emission filter detection as 

demonstrated in Figure 2.18, and with Figure 2.18A and C displaying FSC (proportional to the cell-

surface area or size) versus SSC (proportional to internal complexity or particle granularity) log-log 

density plots of fluorescent FITC containing and un-dyed (non-fluorescent and thus background) 

droplet populations, respectively. As indicated, a single distinct and main droplet population was 

observed that upon closer inspection revealed two individual subset populations comprising both 

upper and lower SSC w/o/w double emulsion droplets. These differences in SSC are consistent 

with the pattern of inner droplet occupancy as observed from brightfield microscopy photographs 
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(Figure 2.17), whereby each sample is noted to comprise a mixture of occupied (double emulsion) 

and unoccupied (o/w) droplets, and whose internal complexity is representative of the observed 

(low and high SSC, respectively) flow cytometric populations.  

Alongside internal complexity, the presence of indistinguishable FSC positioning between the two 

observed droplets populations is indicative of droplet monodispersity and thus sample uniformity 

(in terms of size and hence volume) that is in good agreement with previous CV measurements. 

Additionally, the observation of a horizontally elongated cluster of events on flow cytometric FSC 

versus SSC log-log density plots, shifted towards lower FSC values and residing outside of the main 

droplet population, is likely representative of small dust contaminants or of satellite droplet 

debris, the latter of which is a secondary by-product created via the continuous breakup of the 

liquid phase thread connecting the main droplet to the jet stream during on chip droplet 

formation.129,130 

To distinguish unoccupied o/w droplets from mineral oil-in-fluorinated oil-in-water particles 

(upon encapsulation of the entirety of the primary w/o emulsion sample) and assess levels of 

background autofluorescence, a population of single FC-40 in 1 % tris/tween 80 droplets were 

generated and analysed as previously detailed. As shown in Figure 2.18C, a single droplet 

population exhibiting low SSC and green fluorescence intensity aligning well with those from 

Figure 2.18A scatterplots was observed, verifying the presence of the lower SSC population to be 

unoccupied o/w emulsion. Collectively, the data presented herein illustrates the feasibility 

through which highly monodisperse double emulsion droplets comprising a single inner aqueous 

core may be generated for flow cytometric applications. 
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Figure 2.18. BD Accuri C6 flow cytometric analysis of FITC containing double emulsions. (A) SSC 

versus FSC log-log density plot of double emulsion samples. (B) green fluorescence intensity (FL1- 

H) versus FSC log plots. (C) Single and empty o/w emulsion droplets prepared in the absence of a 

primary emulsions to determine the levels of background droplet fluorescence. (D) Green 

fluorescence intensity histograms of gated double emulsion droplets under each experimental 

condition. Flow rates and device designs used for o/w generation were identical to those for FITC 

based w/o/w emulsion formation to facilitate quantitative sample comparison. Inserts in (A) and 

(C) show magnified gated regions of the desired and selected droplet populations. 

2.5 Conclusion 

High-throughput droplet microfluidic technologies have shown considerable promise over 

conventional methods for drug discovery and development processes. However, the lack of 

inexpensive, simplistic, and precision-tailored microfluidic equipment for non-specialist academic 

use often limits its extended application. Since the emergence of free, open-source hardware (e.g. 

Arduino) and additive manufacturing methods (e.g. 3D printing) provides an effective solution to 
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overcoming the divide between commercially available and open-source, automated, and 

extendable instrumentation (providing simplistic and inexpensive peripheral blueprints for the 

development of precision-tailored equipment), the construction of an in-house built, fully 

programmable microfluidic set-up, comprising independently operated infusion-only syringe 

pumps and 3D modelled electronic microscope was achieved. Moreover, this system was 

evaluated and deemed fit-for-purpose with regards to droplet microfluidic applications, fluid flow 

stability, and of the generation of aqueous droplets at the femtolitre scale with good consistency 

and sample uniformity. 

Since the compartmentalisation of singly isolated biological species at a sufficiently high 

throughput is fundamental to ensuring full SICLOPPS library coverage, the use of an initial JUS 

device for peptide library encapsulation in contrast to conventional and accustomed microtiter or 

agar-plate based methods overcomes the limitation of low-throughput owing to multiple and 

tedious liquid handling steps. Moreover, the capacity to achieve femtodroplet production speeds 

of approximately 60 kHz facilitates the testing of large combinatorial libraries that exceeds even 

those of current high-throughput robotic facilities. In addition to throughput, sample 

monodispersity is equally as important to ensuring successful outcomes when performing high-

throughput droplet-based screens. As such, the high levels of volume consistency and sample 

monodispersity between aqueous femtodroplets (C.V. ranging 2.64 % – 5.99 %) as generated 

herein ensures quantitative and comparative analysis. Conversely, such analyses are hindered by 

bulk emulsification techniques yielding variation in droplet volume and thus solute concentration. 

To simplify the conversion of single w/o droplets into double emulsions whilst ensuring flexibility 

over oil shell thickness and droplet size, the straightforward two-chip methodology as employed 

herein proved highly effective at yielding w/o/w double emulsion droplets with good sample 

monodispersity and reproducibility for amenability with FACS. Providing a cyclic hexapeptide 

library of 3.2 x 106 is generated and transformed into double emulsion droplets, subsequent FACS 

sorting steps (1 – 10 kHz) enables a throughput of >108 droplets per day.131 Although broadly 

applicable, the usual limits of droplet-based screening still apply: (1) the screen must yield a 

fluorescent readout, either via a direct signal or coupled reaction, and (2) both substrate and 

product must not leak from the droplet over the time that is required to yield a detectable 

fluorophore readout.60  

Collectively, the reaction compartments generated herein function as sub-nanolitre reservoirs for 

the compartmentalisation of singly isolated biological species for ultrahigh-throughput purposes. 

The accessibility to monodisperse double emulsions and the degrees of freedom in manipulating 

droplet contents offline collectively highlights the suitability of this droplet format for the 
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generation and screening of double emulsions during the pre-clinical stages of drug discovery. In 

facilitating the production of rapid droplet generation frequencies, the procedures outlined 

herein overcomes the rate-limiting step of droplet production, as well as in exceeding that of 

robotic liquid handling facilities at only a fraction of the cost.60 To next utilise this modular 

platform for assay screening applications, chapters 3 – 5 detail assay miniaturisation to within the 

isolated environment of microfluidically generated aqueous femtodroplets, and of their 

implementation for the generation and screening of SICLOPPS cyclic peptide libraries via FACS.  
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Chapter 3 Agarose beads for DNA amplification 

3.1 Overview 

Microscaled gel-type systems for physical DNA entanglement and pre-DNA amplification have 

emerged as promising tools for IVC. In overcoming the need for complex droplet-droplet merging 

techniques to fuse off-chip incubated DNA enclosed droplets with those containing IVTT (largely 

restricted to specialist laboratory use), such porous hydrogel/agarose scaffolds provide a solid yet 

porous compartment for the entrapment of amplified DNA products whilst enabling the removal 

of undesired inhibitory components (e.g. salt concentration and/or un-optimal pH values95) for re-

emulsification in IVTT. Notably, gels incorporating DNA provide higher expression yields than IVC 

alone by serving to localise the template components required for protein production via an open 

and adjustable system.90 Accordingly, in utilising an agarose matrix-based approach this chapter 

details the construction of an agarose-in-oil droplet microfluidics platform for the pre-

amplification of SICLOPPS plasmids for subsequent employment in IVC. To achieve this, 

optimisation of isothermal template amplifications in both bulk and emulsified formats was 

initially probed to determine the influence of agarose concentration and oil/surfactant selections 

on amplification efficiency. Thereafter, the feasibility of generating femtoliter-sized agarose-in-oil 

droplets via a novel DIY approach for single DNA molecule amplification, and of solidified porous 

agarose beads, was subsequently explored. Finally, quantitative analysis of template DNA yields 

post-amplification via flow cytometry is achieved. Collectively, this chapter presents (1) a simple 

optimised methodology for the facile generation of agarose-in-oil droplets on chip, and (2) a 

vehicle within which subsequent SICLOPPS libraries may be encapsulated for single plasmid 

amplification prior to IVC and FACS (chapter 4). 

3.2 Npu SICLOPPS vector construction 

As a first step in the development of an agarose droplet microfluidic platform, a pETDuet-1 vector 

was selected for the design and construction of a SICLOPPS cyclic peptide plasmid library. 

Specifically, pETDuet-1 permits dual protein expression via two separate multiple cloning sites to 

mediate the co-expression of SICLOPPS cyclic peptide variants with the desired target protein.132 

With regards to bacterial screening, this dual expression system is advantageous over alternative 

bacterial co-/double transformation strategies that suffer from low transformation efficiency, 

requiring separate vectors for both library and target expression.133 With regards to IVTT, this 

vector favourably permits the dilution of a single plasmid library to the appropriate λ value prior 
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to encapsulation whilst ensuring the presence of both library and target to within the contents of 

each individual drop. More specifically, the pETDuet-1 vector provides a pBR322-derived ColE1 

replicon (~40 copies per cell) and bla gene for ampicillin resistance with two compatible and 

inducible T7 lac promoter controlled expression units, Multiple Cloning Site 1 (MCS1) and Multiple 

Cloning Site 2 (MCS2), for PURExpress system compatibility.134 For vector construction, the Npu 

split inteins in SICLOPPS format whereby the C-terminal intein (36 amino acids) proceeds the N-

terminal domain (123 amino acids) whilst flanking an intervening sequence of choice (IC-extein-IN) 

was PCR amplified from vector pARNpuHisSsrA(CA5).51 The resulting 6xHis-IC-CA5-IN insert, 

omitting the C-terminal SsrA cytoplasmic degradation tag required for reduced Npu intein toxicity 

via targeted ClpXP (ATP-dependent Clp protease ATP-binding subunit ClpX) complex degradation 

in vivo (and thus not required for in vitro applications), was cloned between pETDuet-1 MCS1 Eco 

RI and Hind III restriction enzyme sites (Figure 3.1). In addition, the aforementioned pAR SICLOPPS 

plasmid is designed from the arabinose-inducible expression vector pAR3, comprising a paraB 

promoter (under non-T7 promoter control and thus not suitable for PURExpress IVTT), 

chloramphenicol resistance marker, and p15A replicon (~10 copies per cell) to minimise 

intracellular toxicity.135 

 

Figure 3.1. Construction of vector CSDuetNpuHisGFP for SICLOPPS library production. Npu 

SICLOPPS inteins were PCR amplified and cloned into pETDuet-1 MCS1, with GFP cloned into MCS2. 

To retain the original pETDuet-1 vector aligned 7 base pair spacing (6 – 7 bp, optimal in 

prokaryotic systems and in line with the PURExpress system template requirements and supplied 

DHFR control plasmid, Figure 3.2) between the Ribosomal Binding Site sequence (RBS, or Shine-

Dalgarno sequence) and starting ATG codon, a 47 bp Site Directed Mutagenesis (SDM) deletion 

was performed. Specifically, SDM was achieved via a deletion ranging Nco I and Eco RI restriction 

sites, inclusive, via primers flanking the region to be removed (F: 5' – 

GAAGGAGATATACCATGCATCATCATC – 3' and R: 5' – GATGATGATGCATGGTATATCTCCTTC – 3') to 
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yield vector CSDuetNpuHis. Thereafter, GFP was cloned between Nde I and Eco RV restriction 

enzyme sites (MCS2) to facilitate the visualisation and FACS mediated selection of double 

emulsion droplets comprising SICLOPPS cyclic peptide variants (hereafter, vector 

CSDuetNpuHisGFP). 

 

Figure 3.2. SICLOPPS CSDuetNpuHisGFP vector construction optimisation. (A) Elements required for 

the construction of PURExpress IVTT system compatible template DNA. (B) Schematic of the DHFR positive 

control plasmid supplied alongside the PURExpress kit. (C) Schematic of vector CSDuetNpuHisGFP 

constructed herein for SICLOPPS cyclic peptide library generation. (D) CSDuetNpuHisGFP vector map 

illustration featuring a nucleotide SDM deletion of 47 bp in MCS1 between Nco I and Eco RI restriction sites 

 (inclusive) to yield an optimal 7 bp spacing between the RBS and start codon. 
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3.3 Isothermal DNA amplification optimisation in bulk reaction 

Since isothermal amplification techniques for single DNA molecule studies depend on many 

amplification factors, robust performance requires careful optimisation. Even when using 

predesigned and commercially obtained assays, amplification methods are sensitive to the 

introduction of inhibitory components that may inadvertently contaminate the reaction mix. To 

thereby facilitate a sequential investigation into factors influencing the efficiency of amplification 

and total amplification yield, the effects of increased starting DNA template concentration, 

template purity, and the presence of amplification additives e.g. bovine serum albumin (BSA) on 

bulk isothermal DNA amplification was next assessed. In addition, since the generation of 

monoclonal agarose beads comprising pre-amplified single template plasmid molecules requires 

the entrapment of amplified DNA products, the Illustra TempliPhi DNA amplification kit (GE) was 

used for the rolling circle amplification-mediated, exponential amplification of all double stranded 

circular DNA templates due to its single molecule sensitivity, off-the-shelf convenience, and 

structural and compositional versatility (a three component kit, comprising sample buffer, 

reaction buffer, and enzyme mix).136,137  

To first evaluate the hypothesis that the introduction of increasing template concentration would 

inadvertently facilitate the transfer of inhibitory components into the amplification mix, standard 

TempliPhi amplification reactions comprising 5 µL sample buffer were assembled alongside 10, 

50, and 100 ng starting CSDuetNpuHisGFP vector concentrations (representing 0.17, 0.87, and 

1.74 µL of a 57.6 ng/µL column purified template stock, respectively; Figure 3.3). To facilitate the 

binding of random hexamer primers that prime DNA synthesis non-specifically, samples were 

denatured at 95 °C for 3 minutes. Once cooled to ambient temperature, reactions were 

supplemented with 5 µL reaction buffer comprising salts, deoxynucleotides (adjusted to pH 7.5 at 

25 °C to support DNA synthesis), and Phi29 DNA polymerase comprising additional random 

hexamers in 50 % glycerol (yielding an approximate 11 µL final reaction volume). For analysis, 

readings were monitored and taken in triplicate using a 384-well microtiter plate format over 4 

hours incubation at 30 °C and mixed, as per manufacturer's instructions, with the QuantiFluor 

ONE dsDNA system (Promega). Notably, this system allows for the convenient and selective 

fluorescence-based detection of double stranded DNA (dsDNA) products (Excitation = 504 nm, 

Emission = 531 nm).138  
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Figure 3.3. Workflow illustration of a standard TempliPhi DNA amplification reaction. Reaction 

as performed in bulk format. 

To permit accurate quantification of amplified DNA yields, a standard plasmid DNA curve using a 

2-fold dilution series was prepared from unamplified template DNA concentrations ranging 1.95 

ng/mL to 500 ng/mL (Figure 3.4A). As demonstrated, the effects of increased input DNA ranging 

50 ng to 100 ng over 4 hours incubation resulted in reduced final DNA yields of 1.6 µg and 1.4 µg, 

respectively, in comparison to those obtained in accordance to the recommended 1 – 10 ng of 

starting genetic material (14,376 RFU (relative fluorescence units), yielding 1.93 µg total DNA 

from an initial transferred volume of <0.5 µL template98). Although consistent with the view that 

increased input template quantities would inadvertently favour reduced amplification yields, 

these data are nevertheless in line with those typically expected of a 4 hour incubated reaction 

(approximately 1.25 µg to 1.75 µg total DNA), providing minimal amounts of inhibitory material 

are transferred.98 

To normalise yields and correct for any sample-to-sample inconsistencies,97 extension of the 

recommended 4 hour incubation period to 18 hours at 30 °C expectedly favoured the 

consumption of all deoxynucleotides (typically exhausted until after 6 hours), as exemplified by 

the production of maximal and similar amplification yields of 2.21 µg, 2.18 µg, and 2.15 µg 

product per reaction for samples prepared under 10 ng, 50 ng, and 100 ng starting template, 

respectively (Figure 3.4B). As such, overnight sample incubation was deemed adequate for the 

production of maximal amplification yields and for use in all subsequent amplification 

experiments. 
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Figure 3.4. Optimising Phi29 isothermal DNA amplification of CSDuetNpuHisGFP in bulk. (A) Representative 

dsDNA standard curve in a 384-well microtiter plate format. (B) Investigating the influence of increasing 

DNA concentration ranging 10 – 100 ng per 11 µL reaction on amplification efficiency following overnight 

(18 h) incubation at 30 °C. Following heat inactivation (60 °C, 10 mins), samples were stained using the 

QuantiFluor ONE dsDNA system; Ex = 504 nm, Em = 531 nm. For all samples, readings were taken at 0, 2, 4, 

6, 8, and 18 h time points. Experiments were performed in triplicate; data plotted as mean data value ± SD. 

The influence of BSA at 0.1 mg/mL, 0.3 mg/mL, or 0.5 mg/mL with 10 ng DNA (minimal input 

template quantity) was next assessed (Figure 3.5A). In particular, the consensus of current 

literature on BSA indicates its use to be most effective as an amplification additive when used at 

the selected concentrations.139,140 Accordingly, consistent with the enhancing effects of BSA on 

the efficiency of isothermal DNA amplification from inhibitory substance-containing specimens (as 

well as of GC-rich DNA (GC >60 %) and long DNA targets >20 kb139,140), the addition of 0.1 mg/mL, 

0.3 mg/mL, and 0.5 mg/mL BSA prompted 24.2 %, 29.6 %, and 22.9 % increased amplification 

yields, respectively, over 18 hours incubation in comparison to reactions assembled in the 

absence of BSA (Figure 3.5A). In light of these data, 0.3 mg/mL BSA (yielding a slightly greater 

percentage increase in amplification product) was thereafter selected for use alongside all 

amplification reactions to enhance amplification yields, presumably by improving DNA 

accessibility to Phi29 DNA polymerase.140 

To next study the influence of increasing agarose concentration on the efficiency of DNA 

amplification, TempliPhi reactions comprising 10 ng DNA with 0.3 mg/mL BSA were supplemented 

with sol-phase ultra-low gelling temperature type IX-A agarose (10 % stock solution) at 0.5 %, 1 %, 

1.5 %, and 2 % final concentrations (used typically for agarose-in-oil/agarose bead formations).141 

In line with the hypothesis that the introduction of foreign materials may inadvertently facilitate 

the transfer of inhibitory components (inhibiting polymerase activity) into the amplification mix, 

reduced amplification yields relative to a 0 % agarose control was observed across all tested 
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agarose concentrations at 4 hours incubation (5.1 % to 14.8 % decrease in yield with 0.5 % to 2 % 

agarose, respectively). In addition, enzyme inhibition through potential steric hindrance imposed 

by the presence of agarose on Phi29 DNA polymerase, and of the slowed diffusion of 

amplification machinery, present another feasible explanation as to the observation of reduced 

amplification yields. Nevertheless, overnight incubation favoured the normalisation of product 

yields, thereby demonstrating the feasibility of performing efficient isothermal DNA amplification 

in low concentration agarose solutions. Collectively, these data are in agreement with the 

consensus of current literature on agarose bead formation indicating agarose concentrations 

ranging 0.75 % to 2 % to be suitable for the pre-amplification of DNA at the single molecule level 

in monoclonal agarose-in-oil droplets, as well as to serve as a DNA capturing matrix to replace 

conventional primer functionalised microbead methods.96 

 

Figure 3.5. Optimising Phi29 isothermal DNA amplification of CSDuetNpuHisGFP in bulk. Determining the 

influence of increasing BSA concentration ranging 0.1 mg/mL to 0.5 mg/mL on isothermal DNA amplification 

at 0, 2, 4, 6, 8, and 18 hour time points. (B) Investigating the effects of increasing agarose concentration 

ranging 0.5 to 2 % on DNA amplification efficiency at 0, 1, 2, 3, 4, 5, 6, and 18 hour time points. 

Experiments were performed in triplicate; data plotted as mean data value ± SD. 

3.4 Optimisation of isothermal DNA amplification in polydisperse 

emulsion 

The selection of a suitable oil and surfactant mixture for biochemical experimentation is critical to 

the efficient expression of encapsulated proteins.74 In particular, a systematic, quantitative, and 

methodical method for the rapid benchmarking (in comparison to monodisperse droplet 

formation) and optimisation of oil and surfactant systems for applications such as IVC employs the 

fluorescence based detection of assay products through encapsulation in polydisperse 

microdroplets.74 Since dyes such as the QuantiFluor ONE dsDNA system allows for the staining of 

0 2 4 6 8 10 12 14 16 18
0

10000

20000

30000

40000

Time (hours)

Fl
uo

re
sc

en
ce

 a
t 5

31
 n

m
 (R

FU
)

0 % agarose

1 % agarose
0.5 % agarose 

1.5 % agarose
2 % agarose

B

0 2 4 6 8 10 12 14 16 18
0

10000

20000

30000

40000

Time (hours)

Fl
uo

re
sc

en
ce

 a
t 5

31
 n

m
 (R

FU
)

0 % BSA
0.1 % BSA
0.3 % BSA
0.5 % BSA 

A



Chapter 3 

60 

encapsulated DNA product through passive migration between droplets,100 polydisperse 

emulsification was next employed for the methodical selection of a suitable oil/surfactant mixture 

for TempliPhi amplification. 

Accordingly, the biochemical compatibility of selected (1) 1 % JUS/HFE-7500, (2) 5 % JUS/HFE-

7500, (3) 1 % EA/HFE-7500, (4) 5 % EA/HFE-7500, and (5) QX200 droplet generation oil (BioRad) 

oil/surfactant mixtures on isothermal amplification reactions comprising 10 ng plasmid DNA, 0.3 

mg/mL BSA, and 1 % sol-phase ultra-low gelling temperature type IX-A agarose was next assessed. 

In particular, the generation of polydisperse emulsion droplets comprising a narrow diameter size 

distribution was achieved via a two-step emulsification methodology employing the sequential 

use of sample vortexing followed by resuspension through filter pipette tips comprising a 20 µm 

diameter pore. Considering the consensus of current literature on IVTT and purified protein 

compartmentalisation indicates EA surfactant (RAN Biotechnologies) in fluorous oil to be best for 

assay encapsulation,74 selection of the commonly employed 1 % EA (and thereby of JUS surfactant 

at a similar concentration) for investigation is a reflection of these reports. Conversely, 5 % EA 

together with 5 % JUS75 were selected to investigate the influence of increased surfactant 

concentration in the event that higher concentrations be required for the stable generation of 

droplets on chip (and to prevent their coalescence following formation).75 To determine whether 

the more readily available and inexpensive QX200 droplet generation oil (kindly provided by JJW) 

could be utilised as an effective alternative to EA (a favourable albeit expensive formulation 

yielding droplets of superior quality in terms of emulsion stability and general ease of 

manipulation)74, its implementation was likewise explored. 

In contrast to the homogenous distribution of amplified DNA products as in conventional ePCR 

(Emulsion PCR), the generation of multiple brightly fluorescent clusters of heterogeneously 

distributed DNA networks (resembling the formation of condensed DNA-Mg-PPi (pyrophosphate 

anion) particles in emulsion as driven by Phi29 DNA polymerase100) is indicative of discrete hyper-

branched MDA amplification (Figure 3.6F). In line with previous reports, samples prepared under 

5 % EA-surfactant, a biocompatible polyethylene glycol-perfluoropolyether (PEG-PFPE) 

amphiphilic block copolymer (Figure 3.6E),142 and QX200 droplet generation oil (commonly used 

in conjunction with the BioRad Droplet Digital PCR system) yielded significantly increased levels of 

DNA-mediated fluorescence (Figure 3.6F) relative to samples prepared in the absence of DNA 

polymerase (background, Figure 3.6A). Conversely, 5 % JUS in HFE-7500 formulations proved 

detrimental to TempliPhi amplification, resulting in notable DNA adsorbance at the liquid-liquid 

interface (Figure 3.6B & C) in contrast to previously published protocols detailing its use in single-

molecule-counting immunoassays utilising an Fluorescein di-β-D-galactopyranoside (FDG)/β-

Galactosidase reporter system (although, perhaps more suitable for such published applications 
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considering an immunoassay is used to quantitatively measure the presence or concentration of a 

macromolecule or small molecule through use of an antibody143).75 Notably, the observed toxicity 

was determined not to be due to the use of a high surfactant concentration (5 %), since toxicity 

was likewise evident at a lower 1 % final concentration (Figure 3.6B); moreover, amplification was 

clearly distinguished under 5 % EA-surfactant. Potentially, the use of such PFPE-based “Krytox” 

surfactants (DuPont) comprising ionic headgroups e.g. poly(perfluoropropylene glycol)-

carboxylates, may inadvertently interact with oppositely charged biomolecules (e.g. DNA) via the 

unfolding of their higher-order structures to yield an overall loss in activity upon interaction with 

the liquid-liquid interface.142,144 Although the addition of 5 mg/mL BSA was hypothesised to 

alleviate the observed loss in fluorescence and hence enzymatic activity and/or template 

denaturation, presumably by coating the droplet interface to prevent sample adsorption,74 no 

improvement nor increase in amplification yield was observed. 

 

Figure 3.6. Oil/surfactant optimisation for TempliPhi amplification in polydisperse droplets. (A) Negative 

control comprising 1 % JUS/HFE-7500 in the absence of Phi29 DNA polymerase, (B) 1 % JUS/HFE-7500,  

(C) 5 % JUS/HFE-7500, (D) 1 % EA/HFE-7500, (E) 5 % EA HFE7500, and (F) BioRad QX200 droplet generation 

oil mixtures. Droplets generated via vortex. 

C 5 % JUS/HFE-7500 

D 1 % EA/HFE-7500 F QX200 E 5 % EA/HFE-7500 

B 1 % JUS/HFE-7500 A Control 



Chapter 3 

62 

Accordingly, these data are consistent with the view that the interaction of biological components 

with the liquid-liquid interface is of upmost importance when selecting suitable experimental 

conditions for biochemical assay compartmentalisation.74 In particular, both 1 – 5 % EA/HFE-7500 

and QX200 formulations were identified as suitable continuous phase mixtures for the 

emulsification and TempliPhi-mediated amplification of plasmid DNA prior to IVTT. In particular, 

QX200 was favoured for subsequent experimentation due to its simplicity, off-the-shelf 

convenience, and affordability (£216.00 for 70 ml BioRad QX200 droplet generation oil) in 

contrast to an EA-based formulation ($US 550.00/gram of neat (undissolved) 008-

FluoroSurfactant, EA, RAN Biotechnologies, as of 2017; although well laid-out synthetic 

procedures for similar biocompatible and EA-like block copolymer surfactants are available 

through e.g. coupling of oligomeric PFPE with PEG142). 

To next determine the feasibility of performing DNA amplification in agarose-in-oil droplets for 

flow cytometric and FACS analysis, the aforementioned polydisperse emulsion protocol was 

likewise used for droplet generation with the exception that a 10 µm diameter pipette filter pore 

was employed for sample resuspension, yielding smaller, flow cytometry compatible beads. 

Specifically, encapsulation was mediated through the mixing of TempliPhi isothermal 

amplification components alongside a 1 % agarose matrix with either (1) 5 % JUS/HFE-7500, (2) 

5% EA/HFE-7500, or (3) QX200 oil/surfactant mixtures (selected based upon prior 

experimentation). 

To facilitate the generation of solidified agarose particles for flow cytometric analysis alongside 

the maintenance of particle monoclonality and the trapping of isothermally amplified products,91 

samples were solidified by cooling to below the agarose gelling temperature (4 °C) following 

overnight amplification (30 °C). Here, amplification occurs whilst the agarose remains in a liquid 

phase, the efficiency of which is therefore the result of the efficiency through which the 

amplification reactants can diffuse (lower efficiencies result at higher agarose concentrations 

resulting from the increased solution viscosity)91. Once solidified, oil phase removal was mediated 

by mixing each agarose bead suspension with PFO (in excess, 1H, 1H, 2H, 2H-perfluorooctanol, 97 

% Alfa Aesar, a weak surfactant with the capacity to mediate disintegration of the droplet 

interface),145,146 and the resulting aqueous phase, containing agarose beads, collected.91 

Thereafter, beads were stained using the aforementioned QuantiFluor ONE dsDNA system prior 

to the analysis of approximately 10,000 particles via a BD C6 Flow Cytometer (Figure 3.7). 

As demonstrated, a single distinct agarose particle population with broadened FSC measurements 

(due to the sample polydispersity) was clearly observed on all flow cytometric SSC versus FSC log-

log density scatter plots, and gated to permit quantitative sample comparisons (Figure 3.7A). 
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Inspection of the corresponding fluorescence histograms under each experimental condition 

revealed the presence of DNA amplification in agarose droplets using 5 % EA/HFE-7500 and 

QX200 oil/surfactant systems, as evidenced by a 582 and 809-fold increase in the mean 

fluorescence intensity, respectively, relative to the negative control (absence of Phi29 DNA 

polymerase, thus representing background fluorescence levels). In line with previous findings, the 

significantly reduced albeit minor increase in fluorescence relative to the negative control under 5 

% JUS/HFE-7500 formulations further illustrates the incompatibility of such oil/surfactant 

mixtures for DNA amplification.  

 

Figure 3.7. Phi29 polymerase-mediated plasmid DNA amplification in polydisperse 1 % 

agarose beads with selected oil/surfactant mixtures. (A) Fluorescence versus FSC scatter graphs of DNA 

amplification in 5 % JUS/HFE-7500, 5 % EA/HFE-7500, and QX200 Droplet Generation oil/surfactant 

mixtures and (B) with their corresponding green fluorescence histograms; table insert shows mean green 

fluorescence intensity (FL1) values calculated using FlowJo analysis software. 

3.5 Monodisperse agarose droplet generation 

Although polydisperse emulsions provide the means to rapidly and easily test the biocompatibility 

of various compartmentalised components, the inherent polydispersity afforded by such 

emulsification methods nevertheless precludes their use in quantitative or comparative single 

molecule applications.60 To therefore investigate the use of a monodisperse agarose droplet 

format for the IVC of SICLOPPS cyclic peptide libraries, the feasibility of generating highly 

monodisperse femtolitre-sized agarose droplets on-chip for the encapsulation of single SICLOPPS 

plasmids was next assessed. 

To achieve this, the on-chip manipulation of agarose solutions for the compartmentalisation of 

plasmid DNA requires the maintenance of agarose in a liquid state in addition to the absence of 
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agarose gelation to until after the emulsion has formed (to avoid microchannel blockage). 

Although the theoretical gelling temperature (≤17 °C) of the aforementioned ultra-low gelling 

temperature type IX-A agarose is noted to permit its use under standard room temperature 

conditions, frequent gelling of the injected gel-phase solution following approximately 20 – 30 

minutes of JUS device operation was inadvertently observed (resulting in complete device orifice 

obstruction, and thus of an inability to achieve stable monodisperse femtodroplet formation on-

chip, in contrast to reports detailing the generation of agarose beads under room temperature 

conditions96). Moreover, this proved particularly detrimental to the microfluidics set-up as 

described herein – since the device-enclosed agarose was unable to be effectively cleared from 

each chip after use, each device was thereby rendered single-use and required multiple devices to 

be created beforehand and kept on stand-by in the event of agarose solidification mid-

experiment. To overcome this, inexpensive hot/cold compresses (Boots Pharmaceuticals)146 were 

heated (via microwave, 2 minutes on a high setting) and wrapped around each agarose-enclosed 

syringe in an attempt to maintain an elevated temperature of approximately 40 – 50 °C. Despite 

previous reports, however, the aforementioned hot/cold compresses rapidly cooled in the 

workspace environment within which they were used, and were therefore ineffective at 

maintaining a long-term elevated temperature sufficient for droplet compartmentalisation 

(requiring impractical re-heating after approximately every 5 minutes of use; since the rate of 

heat transfer in a fluid increases as the fluid volume decreases147). 

To provide a simple and sustainable heating solution, a lightweight, highly flexible polyimide 

insulated 110.65 x 70.45 x 1.54 mm electrical heating pad was purchased (Pimoroni) and manually 

connected via standard electronic assembly (soldering) to a 5 V USB cable (Figure 3.8). In contrast 

to the majority of excessively large and hence unsuitable electrical appliances, the 

aforementioned polyimide sheet is sufficiently thin to allow for it to be completely wrapped 

around an agarose-enclosed syringe. Upon operation, a constant temperature of approximately 

40 – 50 °C, maintainable over the entire duration of on-chip sample generation and collection 

(providing an initial laptop or adaptor connection is made), was achieved. In the event of an 

unavailable electrical output, Hot Hands air-activated heat pads (permitting up to ~10 hours of 

heat) can alternatively be used in place of a microwavable hot/cold compress. 
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Figure 3.8. Microfluidic set-up for monodisperse agarose-in-oil droplet production. A microfluidic device 

was mounted on to a light inverted microscope. Syringe pumps were elevated on-top of a laser cut PMMA 

stand to the level of that of the device. Tubing was used to provide connections between four glass syringes 

and the microfabricated microfluidic system. A USB connected electrical heating pad was wrapped around 

the agarose filled syringe, and used to maintain a constant temperature of approximately 40 °C. 

To assess the feasibility of agarose droplet formation on-chip, femtolitre sized agarose 

femtodroplets were next formed via hydrodynamic flow-focusing of a 2 % agarose and 1X TAE 

solution in a JUS chip to yield a final 1 % agarose concentration upon droplet formation via a 1:1 

flow rate ratio of the two inner aqueous phases (10 µL/h each). Continuous QX200 flow rates 

ranged 10 µL/h to 60 µL/h to evaluate the practicality of generating increasingly smaller agarose-

in-oil femtodroplets. To mimic the experimental conditions under which TempliPhi mediated 

isothermal DNA amplification would occur, droplets were collected for an hour, overlaid with 

mineral oil, and incubated at 30 °C for a minimum of 4 hours before cooling (4 °C). 

The gelation of agarose emulsion droplets into agarose femtobeads was next validated 

experimentally by considering polymer bead transparency both before and after cooling. 

Accordingly, the solidification of liquid agarose-in-oil emulsion droplets was achieved through 

sample cooling to below that of the gelling temperature of agarose (4 °C, approximately 10 – 15 

minutes). Thereafter, gel-phase agarose beads were extracted from emulsion through the 

addition (in excess) of PFO.145,146 As such, the observed transparency of agarose-in-oil 

microdroplets in the absence of demulsification under brightfield microscopy is clearly correlated 
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to the liquid state of agarose (Figure 3.9A).148 Conversely, upon gelation and oil-phase removal, 

the increased gel turbidity and apparition of a three-dimensional network of agarose fibres 

resulted in an unambiguous increase in microdroplet opacity, thereby confirming successful 

agarose bead formation (Figure 3.9B).96,148 

 
Figure 3.9. Agarose-in-oil droplet (emulsified) and agarose bead (demulsified) formation. (A) Agarose-in-oil 

droplet formation at 10 µL/h aqueous and 20 µL/h continuous oil/surfactant phase flow rates. (B) Solidified 

agarose beads broken from emulsion. Insert: agarose beads formed under a 1:1 10 µL/h aqueous and 10 

µL/h oil/surfactant phase. 

In assessing the feasibility of femtobead formation (Figure 3.10), careful adjustment of the flow 

rate ratio of gel-phase agarose and QX200 oil enables precise control over the emulsion droplet 

size, whereby highly monodisperse agarose-in-oil emulsion droplets ranging 6.56 ± 0.33 to 4.13 ± 

0.35 µm in diameter (C.V. = 4.18 % and 4.52 %, representing 147.81 fL and 36.88 fL) using 20 µL/h 

and 60 µL/h QX200, respectively, was achieved (this is in comparison to 7.06 ± 0.63 to 4.46 ± 0.22 

µm for simple w/o droplets from subsection 2.3). Droplet production rates were likewise 

relatively in line with those previously achieved for simple w/o droplets at 17,328, 23,183, 28,897, 

39,558, and 69,157 Hz at 20, 30, 40, 50, and 60 µL/h, respectively. Conversely, the observation of 

highly polydisperse emulsions droplets upon the application of a 1:1 flow rate ratio of the 

aqueous and oil flow rate solutions is indicative of a shift to the jetting flow regime with a 

convectively unstable jet (Figure 3.10A). Overall, all agarose-in-oil emulsion samples displayed 

good thermostability and physical structure (in line with previous reports) with no coalescence 

following overnight sample incubation nor succeeding 65 °C heat inactivation.96 Providing 

agarose-in-oil samples were stored in emulsion (oil/surfactant), no visible change in bead 

morphology (after demulsification) was evident following 6 months storage at 4 °C.  
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Figure 3.10. Diameter size distribution of on-chip generated monodisperse agarose beads. (A – F) The 

generation of increasingly small monodisperse agarose-in-oil and subsequently agarose beads once 

solidified, within a JUS microfluidic device and at a constant agarose flow rate of 10 µl/h, but increasing 

flow rate of oil/surfactant from 10 – 60 µl/h. 

3.6 Isothermal DNA amplification in monodisperse emulsion 

To investigate the feasibility of using an agarose bead microfluidic approach for single-molecule 

SICLOPPS plasmid amplification, agarose solutions comprising TempliPhi random hexamer primers 

and statistically diluted template plasmid DNA (vector CSDuetNpuHisGFP) at λ = 0.03, 0.3, 3, and 

30 were next compartmentalised into approximately 6 µm agarose-in-oil droplets (10 µL/h 

aqueous, 30 µL/h oil/surfactant flow rates at approximately 26 kHz) with Phi29 DNA polymerase, 

and incubated at 30 °C overnight. Here, the early and inadvertent onset of DNA amplification to 

until the droplet is formed is overcome through use of separate template DNA and polymerase 

enclosed microfluidic streams. Since the droplet generation rate is known (9.49 x 107 droplets per 

hour), the total number of initial template DNA copies required for λ = x can be calculated as 

follows: 

A 10 µl/h QX200 B 20 µl/h QX200 C 30 µl/h QX200

D 40 µl/h QX200 E 50 µl/h QX200 F 60 µl/h QX200

C.V.
50.39 %
56.14 %
53.08 %

C.V.
4.52 %
4.81 %
4.64 %

C.V.
3.26 %
3.19 %
5.82 %

C.V.
2.83 %
3.61 %
4.47 %

10 15 20 25 30 35
0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter m

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt

2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter m

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt

2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter m

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt
2 4 6 8 10 12 14

0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter µm 

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt

2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter µm 

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt

2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

Droplet diameter µm 

N
or

m
al

is
ed

 d
ro

pl
et

 c
ou

nt

C.V.
5.07 %
4.18 %
5.45 %

C.V.
4.75 %
4.40 %
3.64 %



Chapter 3 

68 

𝐷𝑁𝐴	𝑐𝑜𝑝𝑖𝑒𝑠 = 	
𝑛𝑔(6.022𝑥10<=)
𝑏𝑝(1𝑥10@)(650) 

Equation 1. Calculation for determining the number of copies of a template DNA. 

𝜆 = 	
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒	𝐷𝑁𝐴	𝑐𝑜𝑝𝑖𝑒𝑠

𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 	 

Equation 2. Calculation for determining the desired λ value for plasmid encapsulations. 

Where Equation 1 assumes that the average weight of a base pair is 650 Da (or 650 g/mol which = 

molar mass). Therefore, the molecular weight of any double stranded DNA template can be 

estimated by taking the product of its base pair length and 650 Da (or g/mol). Since 6.022 x 1023 

(number of molecules or copy particles per mole of substance) represents Avogadro's number, 

the number of molecules of template per gram can be calculated as indicated above, where 

multiplication by 1 x 109 facilitates answer conversion into ng.149 

Following amplification, samples were heat inactivated at 65 °C, cooled at 4 °C for 10 – 15 

minutes, broken from emulsion via PFO, and stained using the QuantiFluor ONE dsDNA system for 

the quantification of clonally amplified DNA products via flow cytometry. The resulting SSC versus 

FSC log-log density scatterplots are demonstrated in Figure 3.11, whereby a single distinct particle 

population is depicted under each experimentally tested condition (indicative of high sample 

monodispersity), alongside corresponding green fluorescence log(FL1-H) intensity histograms of 

each gated population (Figure 3.11 Middle & Right). As expected, green fluorescence analysis 

revealed single major peaks under λ = 30 (10.25 ng/µL starting plasmid concentration per bead), 

corresponding to either complete fluorescence (4 and 16 hours incubation in the presence of 

polymerase) or completely-non fluorescent particle populations, with the latter representing 

control experiments in which polymerase (DNA alone with a DNA concentration corresponding to 

the λ value of that used therein, with the exception of λ = 30, in which the starting quantity of 

pre-loaded DNA was evidence by an approximate 3-fold shift in fluorescence) or both polymerase 

and starting template (negative control) were omitted prior to droplet formation.  

Under the influence of starting DNA template concentrations ranging 0.10 ng/µL to 1.03 ng/µL (λ 

= 0.03 to 3), two discrete populations corresponding to non-fluorescent (approximately 1 – 50 

RFUs) and highly green fluorescence droplets (approximately 104 to 106 RFUs) were distinguished. 

In line with previous reports, the smaller, interconnecting femtobead population between peaks 

(Figure 3.11B&C) may be attributed to abortive amplification of damaged DNA plasmids from the 

initial template denaturation step (95 °C, 3 minutes), required to facilitate the annealing of 

random hexamer primers but that nevertheless provides an additional source of DNA 

contamination. As such, longer denaturing times are not recommended due to the increased 
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likelihood of the template becoming nicked, thereby decreasing the efficiency of RCA.98,150–152 

Consequently, although successful amplification was observed from the single molecule level (λ = 

0.03), one should keep in mind that as the DNA template concentration is decreased, the 

products of non-specific DNA amplification become more pronounced – as such, the availability of 

functional DNA post-amplification for IVC is explored in chapter 4.  

As expected, the proportion of positive agarose femtobeads comprising high average levels of 

green fluorescence decreased rapidly when λ ≤ 1 (Figure 3.11B&C), as the Poisson distribution 

predicts that the random partitioning of plasmid DNA template at λ = 3 (Figure 3.11B) will afford a 

droplet population of 4.9 % empty and 76.6 % filled compartments (with 14.9 % representing 

singly occupied samples and 61.6 % two or more), λ = 0.3 (Figure 3.11C) will predict a population 

in which 25.9 % of all droplets are filled (22.2 % singly occupied), and λ = 0.3 will predict a 

population in which 3.0 % of all droplets are filled (2.9 % singly occupied). Considering the 

experimental data obtained in Figure 3.11 at λ = 0.03 and 0.3 fit the expected Poisson statistics, 

whilst λ = 3 does not, a feasible explanation is detailed in Figure 3.13.  
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Figure 3.11. Isothermal DNA amplification in monodisperse agarose beads. Amplification of Poisson diluted 

plasmid DNA in microfluidically generated monodisperse agarose beads at (A) λ = 30, (B) λ = 3, (C) λ = 0.3, 

and (D) λ = 0.03. Leftmost column shows SSC vs. FSC scatter graphs for each experimental condition; 

middlemost column representing corresponding green fluorescence intensity histograms (normalised to the 

mode) over 4 and 16 h incubation at 30 °C; rightmost column displaying histograms gated for empty and 

occupied agarose beads following 16 h incubation. 
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The efficiency of DNA amplification in emulsion was likewise determined via electrophoretic 

analysis of isothermally amplified template DNA products from agarose beads using a 1 % agarose 

gel, both in the absence and presence of a Hind III single digestion (2 hours at 37 °C; Figure 3.12) 

Consistent with the hypothesis that the final yield of DNA is expected to drop rapidly upon 

reaching λ ≤ 1 (due to the presence of droplets containing no template DNA),59 electrophoretic 

comparison revealed (1) efficient amplification in all agarose-in-oil droplets containing DNA (as 

evidenced via the observation of distinct DNA bands at the expected base pair size), and (2) yields 

from Hind III digested agarose beads at λ = 0.03, 0.3, 3, and 30 (Figure 3.12B) to be approximately 

3 %, 26 %, 77 %, and 100 % of that of the same reaction as performed in bulk format (i.e. an 

assembled TempliPhi reaction that was not emulsified into droplets; bulk DNA at λ = 30 with 

Phi29 polymerase; therefore in line with Poisson predictions of approximately 3.0, 25.9, 76.6, and 

100 % filled agarose-in-oil droplets following plasmid encapsulation).59,150,153,154 Of note, the 

observed presence of high molecular weight and uncleaved amplification product as in Figure 

3.12A (both agarose gel well contained (yellow box) and relaxed circular DNA >10 kb) is consistent 

with previous reports.155,156 Considering electrophoresis (the migration of negatively charged DNA 

toward a positive anode as driven by an electric current) through a 1 % agarose gel is different to 

diffusion alone, a 1 % agarose matrix should nevertheless be sufficient to impede the diffusion of 

DNA over the timescale required for encapsulation with IVTT (<1 hour). 

 

Figure 3.12. 1 % agarose gel analysis of agarose femtobeads-enclosed DNA amplification. (A) Analysis of 

agarose femtobeads comprising pre-isothermally amplified vector CSDuetNpuHisGFP. A proportion of 

amplification product can be observed to have remained within the gel loading well, alongside relaxed 

circular DNA >10 kb. (B) Analysis of Hind III digested (2 hours at 37 °C) agarose femtobeads. The mean 

number of starting template DNA copies prior to amplification (λ) is indicated. Controls comprise (i) bulk no 

DNA and no polymerase, (ii) bulk DNA with no Phi29 polymerase, (iii) bulk DNA at λ = 30 with Phi29 

polymerase, and (iv – vii) agarose beads at λ = 0.03, 0.3, 3, and 30. 
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Collectively, the experimental percentage of filled agarose beads (n ≠ 0) over the aforementioned 

range of starting template DNA concentrations (Figure 3.11) agreed closely with that of the 

theoretically predicted probability (Figure 3.13; collating data Figure 3.11), thereby 

demonstrating the feasibility of performing quantitative high-throughput single-molecule 

amplifications in femtolitre-sized agarose droplets. Despite small differences in DNA occupancy 

between the experimental and theoretical expectations (Figure 3.13B), this could potentially be 

attributed to abortive amplification of damaged DNA plasmids, losses due to nonspecific 

adsorption in the system (to the tubing and/or droplet interface), inaccurate nanodrop DNA 

quantifications, or sample pipetting errors during dilution. 

 

Figure 3.13. Percentage comparison of DNA filled agarose beads. Theoretical values were derived using the 

Poisson distribution; observed values were obtained from experimental Figure 3.11 data (λ = 0.03 to λ = 

30). (A) Poisson distribution for DNA encapsulation at λ = 0.1 to λ = 10. (B) Percentage of agarose beads 

comprising amplified DNA product according to the theoretically calculated Poisson distribution from (A) 

and of the observed value according to Figure 3.11 flow cytometric analysis. 

The yield of amplified DNA from agarose femtobeads in which 100 % (λ = 30) or 2.9 % (λ = 0.03) of 

beads were initially occupied was next accurately quantified through comparison against a 

standard curve in which defined quantities of plasmid DNA were encapsulated in each 

approximately 6 µm agarose bead (in the absence of amplification) prior to flow cytometric 

analysis (Figure 3.14). Accordingly, it is estimated that at both λ = 30 and λ = 0.03, each 

femtobead comprised approximately 9,318 and 767 DNA copies after 4 hours incubation, 

alongside 37,205 and 18,614 DNA copies after 16 hours incubation, respectively (Figure 

3.14A&B). Alongside, negative controls comprising no template DNA expectedly afforded few 

fluorescent beads (<1 %), corresponding to approximately 25 ambient DNA copies.  

In comparing the two incubation lengths, an approximate 5-fold increase in the quantity of 

clonally amplified DNA fragments per agarose bead was obtained from samples maintained at 30 
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°C for a total of 16 hours (as opposed to 4 h), thereby enabling each reaction to proceed 

efficiently to completion through the consumption of all deoxynucleotides.97 Moreover, the 

effective DNA concentrations obtained herein following overnight incubation were 2.30 µg/µL 

and 1.15 µg/µL per 113.1 fL bead, respectively, representing a 19.82 to 39.64-fold increase in DNA 

concentration when compared against reports detailing the amplification of single pIVEX2.2EM-

lacZ plasmid copies to yield approximately 30,000 HRCA products per 2 pL emulsion droplet in the 

absence of agarose (approximately 58 ng/µL via the Illustra GenomiPhi V2 DNA Amplification 

Kit).150 In addition, these amplification yields are approximately 10.45 to 20.91-fold greater than 

of those (110 ± 30 ng/µL) from DNA condensed nanoparticles (assembled using Phi29 DNA 

polymerase, inorganic pyrophosphate, and magnesium ions) following the encapsulation of single 

pUC19 plasmid copies at λ = 1.0 into 3 pL emulsion droplets.95 Although successful PCR-mediated 

DNA amplification96 and Bst DNA polymerase-mediated isothermal DNA amplification157 have 

been likewise performed in 1.5 % agarose microbeads 55 µm in diameter (87.11 pL), amplification 

yields over an approximate 100 minutes were not quantified.96 Nevertheless, in light of these 

findings overnight sample incubation was selected for all subsequent TempliPhi isothermal 

amplification reactions for the generation of high clonally amplified template DNA yields prior to 

downstream IVTT. To mediate future estimations of DNA yield post-amplification for a given λ 

value, a semi-log graph (providing the best fit for data analysis) was fitted for DNA copy against λ 

at 0.03, 0.3, 3, and 30 (Figure 3.14C).  
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Figure 3.14. Flow cytometric analysis of monodisperse agarose beads comprising DNA. (A) Flow cytometric 

green fluorescence histograms of stained agarose beads comprising an increasing number of DNA copies (0, 

10, 100, 1,000, and 10,000). Mean FL1-H values: 138, 787, 5,530, 56,122. (B) Linear graph plotting mean 

fluorescence against the number of encapsulated DNA copies. Graph extrapolation of the resulting linear 

trend was used to determine the number of DNA molecules in each resulting femtolitre-sized droplet 

following single molecule DNA amplification over 16 hours. (C) Hyperbola graph plotting the number of DNA 

copies as calculated from Figure 3.14C against λ to allow for an estimation of total DNA yield post Phi29 

DNA polymerase amplification for a given λ value. 

3.7 Conclusion 

In building upon prior work146 this chapter reports an agarose-based droplet microfluidics 

approach for the production of highly condensed, DNA enclosed agarose beads with the potential 

to serve as efficient templates for in vitro protein expression (explored further in chapter 4). To 

achieve this, a highly parallel Phi29 DNA polymerase mediated protocol was adapted and 

optimised in both bulk and polydisperse emulsion formats for the amplification of Poisson 
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encapsulated single plasmid DNA molecules. In doing so, optimal experimental conditions 

including BSA and agarose concentration alongside biocompatible oil and surfactant mixtures for 

sample emulsification were identified.  

In addition, the femtolitre-sized agarose droplets as generated herein were demonstrated to 

represent structurally stable reaction compartments for efficient TempliPhi-mediated 

amplification of plasmid DNA copies at the single molecule level in highly monodisperse (C.V. <5 

%) agarose-in-oil droplets of approximately 6 µm in diameter (113 fL). By capitalising upon the 

unique thermo-responsive sol-gel switching properties of agarose, single DNA enclosed agarose 

droplets were gelated post amplification to yield solidified polymer particles within which the 

monoclonality of each bead was demonstrated to be effectively maintained. Collectively, the 

agarose beads as generated herein were observed to serve as highly robust and biocompatible 

reservoirs for the compartmentalisation of Phi29 DNA amplification machinery and for the 

efficient pre-amplification of template plasmid DNA. 
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Chapter 4 DNA enclosed agarose beads for in vitro 

compartmentalisation 

4.1 Overview 

The expression and selection of desirable phenotypic traits from their encoding genes represents 

an essential process in the compound library enrichment cycle. However, since not all genes can 

be expressed in E. coli due to e.g. protein induced toxicity and/or protein aggregation whilst 

maintaining a genotype-phenotype link (to facilitate hit identification through DNA sequencing), 

this chapter details the use of IVC for the co-encapsulation of IVTT with singly isolated femtolitre-

sized agarose beads comprising pre-amplified template DNA copies in the absence of droplet-

droplet merging. To achieve this, optimal IVTT additive (BSA and percoll) and oil/surfactant 

conditions are initially selected, evaluated, and further fine-tuned to determine suitable 

expression conditions for the IVTT of GFP (from vector CSDuetNpuHisGFP) via bulk reaction and 

polydisperse emulsion formats. Thereafter, a Texas Red C2-dichlorotriazine dye agarose staining 

procedure is devised for the optimisation of efficient single agarose femtobead encapsulation (a 

requirement that is fundamental to ensuring the analysis of only a single monoclonal reaction 

vessel per IVTT droplet), and of the FACS-mediated analysis of GFP contained droplets following 

successful IVC. In doing so, these data demonstrate the capability of each agarose femtobead to 

serve as efficient templates for in vitro protein expression. To next determine the feasibility 

through which the enclosed genetic material of FACS sorted samples could be recovered for 

subsequent library enrichment rounds, a straightforward PCR-based methodology is employed to 

facilitate the efficient recovery of encoding DNA, specifically of MCS1 comprising the CA5 

SICLOPPS extein of CSDuetNpuHisGFP. Collectively, the confinement of in vitro gene translation to 

a single emulsion droplet comprising both IVTT machinery and DNA enclosed agarose femtobead 

is effectively demonstrated within this chapter, and with which the construction and screening of 

a SICLOPPS library utilising the same microfluidics format is later employed (chapter 5). 

4.2 Influence of oil and surfactant on IVTT 

Following the construction of vector CSDuetNpuHisGFP (subsection 3.2), the ability of the 

encoded SICLOPPS Npu inteins and CA5 extein to splice in vivo was initially tested prior to CX5 

library construction. To allow for a comparison of intein splicing efficiency against the original 

pARNpuHisSsrA(CA5) vector, a second pETDuet plasmid encoding SICLOPPS Npu inteins with a CA5 

extein and C-terminal SsrA degradation tag was likewise built (CSDuetNpuHisSsrAGFP). 
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Accordingly, plasmids were transformed into E. coli BL21(DE3) and induced with 0.1 mM IPTG 

after reaching an OD600 = 0.6 – 0.7 for 3 hours at 37 °C. Thereafter, each culture was lysed via 

sonication prior to the isolation of histidine tagged and spliced Npu SICLOPPS constructs using Ni 

Sepharose 6 Fast Flow resin (GE) for at 4 °C for 1 h. 

Upon 15 % SDS-PAGE analysis (Figure 4.1), a weak band at the molecular mass corresponding with 

unspliced inteins for His (Figure 4.1A), and SsrA (Figure 4.1B) tagged constructs at approximately 

18.9 kDa and 20.1 kDa from each soluble fraction, respectively, was clearly observed alongside 

denser bands corresponding to IN (12.0 kDa and 13.1 kDa, respectively) and GFP at 26.9 kDa. 

Likewise, the observation of strong IC bands (and thus of complete intein splicing to yield a 

cyclised extein product) at 6.9 kDa is indicative of efficient Npu intein splicing, whereby the 

extensively studied splice time of the Npu inteins is reported to be between 30 and 60 s.158–160 

Collectively, these results demonstrate the ability of vectors CSDuetNpuHisGFP and 

CSDuetNpuHisSsrAGFP to splice in vivo under T7 RNA polymerase and T7 promoter system 

control, and hence of their suitability for SICLOPPS library constructions and IVTT as mediated by 

the PURExpess system. 

 

Figure 4.1. 15 % SDS-PAGE of CSDuetNpuHisGFP and HisSsrAGFP with 0.1 mM IPTG. (A) Expression of vector 

CSDuetNpuHisGFP where unspliced (18.9 kDa), N intein (12.0 kDa), and C-intein (6.9 kDa) spliced 

components are clearly visible in both soluble and 6xHis tagged purified lanes. (B) Vector 

CSDuetNpuHisSsrAGFP; unspliced (20.1 kDa), N-intein (13.1 kDa) and C-intein (6.9 kDa) are likewise clearly 

distinguished. In both gels, MCS2 encoded and GFP is observed (26.9 kDa). 

Considering the choice of oil and surfactant is of upmost importance when selecting suitable 

biocompatible conditions for the emulsification of Phi29 DNA polymerase-mediated isothermal 

DNA amplification reactions (subsection 3.4), the selection of a suitable oil and surfactant for in 

vitro SICLOPPS expression via the PURExpress system was likewise performed herein. In 
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particular, although the yields of in vitro protein expression are known to be independent of the 

emulsification technique employed (e.g. bulk emulsion methods generated via vortexing and/or 

homogenisation alongside on-chip flow-focusing techniques),74 the selection of an appropriate oil 

and surfactant for the encapsulation of purified proteins as well as of their in vitro expression can 

prove detrimental if not selected with care. To therefore probe the hypothesis that the 

interaction of proteins with the droplet interface is of upmost importance when selecting 

appropriate emulsification conditions for IVC, the green fluorescence intensity of individual 

droplets comprising in vitro expressed vector CSDuetNpuHisGFP (plasmid alone) with IVTT in 

selected oil and surfactant mixtures was next assessed through quantitative comparison of the 

concentration of fluorescent species generated under each of the oil/surfactants chosen. 

To achieve this, 250 ng plasmid DNA was vortexed with the PURExpress IVTT system and either 

one of six selected oil/surfactant mixtures, including (1) 1 % JUS/HFE-7500, (2) 5 % JUS/HFE-7500, 

(3) 1 % EA/HFE-7500, (4) 3 % EA/HFE-7500, (5) 5 % EA/HFE-7500, and (6) QX200 droplet 

generation oil. For microscopy imaging, inherently polydisperse bulk emulsion samples were 

pipetted into disposable Fast-Read Counting Slides and imaged using an Olympus CKX41 inverted 

microscope; a QIClick CCD camera was fitted for image capture and controlled using open source 

microscopy software (Micro-Manager). For analysis, fluorescent photographs were saved as 16-bit 

files and processed (ImageJ) to yield intensity statistics (mean, minimum/maximum grey values, 

and standard deviation) of selected binary or thresholded parameters via the “Analyse Particles” 

function (Figure 4.2). The circularity and average brightness for all objects larger than a specified 

minimum cut-off (0.8) was measured. Thereafter, the mean fluorescence of each particle was 

plotted against diameter, and the line of best-fit determined through linear regression analysis 

(Figure 4.4). 
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Figure 4.2. Microfluidic droplet analysis using ImageJ. (A) Calibration of image scale; drawn line (yellow) 

represents 100 µm. (B) Fluorescent droplet image for analysis; all photographs were smoothed and 

duplicated. (C) Threshold application to highlight fluorescent droplets. Samples were watershed to split 

touching droplets where there is an identifiable 'waist'. Insert: set-up interface for image analysis. (D) 

Outlined drawing result of analysed droplets. Insert: particle analysis interface. 

In line with previous data (subsection 3.4), no fluorescence was observed from samples prepared 

in the presence of 1 % and 5 % JUS/HFE-7500 following two hours incubation at 37 °C (Figure 

4.3A&B), whereas fluorescence was clearly visible for all other mixtures tested (Figure 4.3). The 

resulting correlation of determination (r2) for all samples minus those prepared under JUS (for 

which regression analysis was not applicable) were identified as linear and found to be 0.7930, 

0.8771, 0.6522, and 0.8254 for 1 % EA, 2 % EA, 3 % EA/HFE-7500, and QX200, respectively 

(indicating that > 65 % of the variance in droplet fluorescence is predictable from the droplet 

diameter). 

A B
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Figure 4.3. IVTT of CSDuetNpuHisGFP in polydisperse droplets with selected oil/surfactants. Each 

representative bright field is presented alongside its corresponding fluorescence image (positioned below). 

Droplets were incubated at 37 °C for 2 hours. An exposure time of 100 ms was used for all brightfield 

images whilst 3000 ms for fluorescence images at 40x magnification. 

Since the gradient of analogous fluorescence versus droplet diameter curves is known to increase 

linearly with an increase in fluorophore concentration,74 the direct proportionality (existing 

between the scalar dependent variable y (mean fluorescence) and explanatory variable x (droplet 

diameter)) enables differences in the concentration of a fluorescent species to be quantified 

through the direct comparison of their affiliated slopes. Accordingly, this CCC (concentration 

correlation coefficient74) may be used to directly compare fluorescent poly- or monodisperse 

droplet samples. 

 

As such, analysis of the regression curves under each of the four remaining conditions (yielding 

highly fluorescent droplets) revealed distinct CCC values, whereby a larger CCC infers a greater 
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concentration of expressed GFP and thus a higher observed fluorescence value at any specified 

droplet size (Figure 4.4). Resultantly, the greatest quantity of in vitro expressed functional GFP 

was observed under QX200 with an intermediary CCC value of 0.7663 RFU µm-1 (Figure 4.4D). 

Conversely, 1 %, 3 %, and 5 % EA/HFE-7500 mixtures were observed to afford a 1.58 (0.4839 RFU 

µm-1), 1.89 (0.4052 RFU µm-1), and 2.50 (0.3068 RFU µm-1) fold decrease in the quantity of 

expressed protein per droplet, with 1 % EA faring 1.57 times better in terms of biocompatibility 

than 3 % and 5 % (due likely to the increased toxicity toward biological components upon the 

introduction of an increased surfactant concentration; Figure 4.4A&C). In line with previous 

reports, EA surfactant in fluorous oil was nevertheless demonstrated to be a suitable 

oil/surfactant mixture, forming droplets of superior quality in terms of emulsion stability and 

general ease of manipulation.74  

 

Figure 4.4. CSDuetNpuHisGFP IVTT in polydisperse droplets with selected oil/surfactants. Data acquired via 

ImageJ photo analysis. Mean fluorescence versus droplet diameter for polydisperse samples generated 

under 1 %, 3 %, or 5 % EA surfactant in HFE-7500 fluorinated oil/QX200, prior to incubation at 37 °C for 2 h. 

Since the yield of in vitro expressed protein is independent of the method used for droplet 

generation, it is unlikely that the vigorous mixing (via vortexing or homogenization) required of an 

inherently polydisperse emulsion may have compromised the overall expression of the 

compartmentalised genes, particularly in the case of a JUS surfactant stabilised sample. 

Diameter (µm)

0 5 10 15 20 25 30 35
0

10

20

30

40

50

Diameter (µm)

M
ea

n 
flu

or
es

ce
nc

e 
(R

FU
) y = 0.7663x + 11.09

r2 = 0.8254
n = 246

0 5 10 15 20 25 30 35
0

10

20

30

40

50

M
ea

n 
flu

or
es

ce
nc

e 
(R

FU
) y = 0.4839x + 4.37

r2 = 0.7930
n = 204

0 5 10 15 20 25 30 35
0

10

20

30

40

50

Diameter (µm)

M
ea

n 
flu

or
es

ce
nc

e 
(R

FU
) y = 0.3068x + 5.07

r2 = 0.6522
n = 196

0 5 10 15 20 25 30 35
0

10

20

30

40

50

Diameter (µm)

M
ea

n 
flu

or
es

ce
nc

e 
(R

FU
) y = 0.4052x + 5.99

r2 = 0.6771
n = 228

A 1 % EA/HFE-7500 B 3 % EA/HFE-7500 

C 5 % EA/HFE-7500 D QX200 



Chapter 4 

83 

Moreover, the presumption that microfluidic droplet generation is milder and thus more suitable 

for DNA and protein-based applications has recently been disproved.74 When the importance of 

oil/surfactant selections on protein expression and purified protein encapsulation is considered, a 

broader and more plausible explanation for the lack of observed fluorescence and hence protein 

expression in vitro for JUS samples is likely the result of a lack of biochemical compatibility 

between the in vitro expression system, encapsulated biological components, and the resultant 

surfactant used. Conversely, these data highlight the aggregable biochemical affinities of EA 

surfactant in fluorous oil and QX200 mixtures for PURExpress-mediated in vitro protein 

expression. As previously highlighted, these observations are consistent with the view that the 

interaction of biological components with the droplet liquid-liquid interface is of upmost 

importance when selecting suitable emulsification conditions, quite notably in the case of JUS 

surfactant, which proved detrimental to the experimental set-up described herein. Collectively, 

these results indicate QX200 to be a suitable droplet generation oil for the emulsification of both 

TempliPhi isothermal DNA amplification machinery and PURExpress IVTT system components. 

4.3 Influence of BSA and percoll on IVTT 

Alongside biocompatibility, other factors influencing the success of IVC include the selective 

adsorption and inadvertent depletion of DNA toward the liquid-liquid interface. Although 

detrimental when working with single or low template DNA copies, this effect can be somewhat 

alleviated through the addition of BSA, which presumably acts by coating the droplet liquid-liquid 

interface.74,122 In particular, biopolymers including BSA (up to 5 %) and carboxymethylcellulose 

(CMC) have been shown to enhance the structural stability of single and double emulsion droplets 

whilst preventing the unwanted release of fluorescein analogues into the external continuous oil 

phase (and with subsequent transport into adjacent buffer containing droplets) in a fashion that is 

independent of the concentration of surfactant employed.122 Since maintenance of the genotype-

phenotype linkage upon IVC is greatly dependent upon the retention of encapsulated biological 

species and hence the preservation of sample integrity, the influence of increasing BSA 

concentrations on in vitro CSDuetNpuHisGFP expression in QX200 emulsified polydisperse 

emulsion droplets was next assessed.  

To achieve this, 250 ng plasmid DNA was encapsulated alongside the PURExpress system, 

approximately 2 – 3 volumes of filter sterilised (0.22 µm) QX200, and BSA at a final concentration 

of either 0, 1, 2, 3, 4, or 5 mg/mL into vortex generated polydisperse emulsion droplets. Following 

incubation at 37 °C for 2 hours, samples were imaged via brightfield and fluorescence microscopy, 

with processing via ImageJ to yield mean fluorescence (RFU) versus droplet diameter (µm) graphs 

(Figure 4.5). 
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Figure 4.5. Influence of BSA concentration on GFP IVTT in polydisperse droplets. QX200 droplet generation 

oil was used for the production of all polydisperse samples comprising BSA at either 0, 1, 2, 3, 4, or 5 m/mL 

(0 – 5 % w/v). Brightfield (above) with corresponding fluorescence photographs (below) are shown at 20x 

magnification. An exposure of 10,000 ms with 1x gain was used for each fluorescence image. 

In line with previous reports, the addition of BSA at all concentrations was observed to slightly 

alleviate the loss of GFP fluorescence when compared against control samples (in which BSA was 

omitted – 0 %; Figure 4.6) and for which the CCC value (1.176 RFU µm-1) was 1.39-fold lower than 

that of the greatest CCC obtained from all BSA contained reactions (4 mg/mL, 1.638 RFU µm-1; 

Figure 4.6A&E). As such, the observed reduction in GFP fluorescence as obtained in the absence 

of BSA is likely the result of protein unfolding and/or denaturation at the droplet liquid-liquid 

interface.74 Although 5 mg/mL BSA was observed to alleviate the loss of fluorescence to a lesser 

extent than that of previous reports (1.23-fold increase in functional GFP compared to 2-fold),74 

these data nevertheless demonstrate the good o/w surface coating properties and hence 

adsorbing abilities of BSA in w/o emulsion droplets for in vitro protein expression.74,122 
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Figure 4.6. Influence of BSA concentration on GFP IVTT in polydisperse droplets. ImageJ analysis of mean 

fluorescence versus droplet diameter graphs of QX200 polydisperse emulsion droplet generation under the 

influence of BSA at 0, 1, 2, 3, 4, or 5 mg/mL (0 – 5 % w/v). Data from Figure 4.5 images are highlighted by 

black points, whilst data from the remaining images are shown in grey. 

Alongside BSA, alternative additive agents such as gelatins (a collection of high molecular weight 

peptides produced via the hydrolysis of collagen),161 and polyvinylpyrrolidone (PVP, an inert and 

ampiphilic polymer) can be used for the stabilisation of protein expression in cell cultured 

suspensions, and therefore also potentially for IVC.162–164 Although an investigation into the 

effects of the two aforementioned additives on in vitro protein expression (especially of IVC with 

gelated agarose beads) has yet to be achieved, PVP nevertheless represents a more suitable 
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alternative to BSA over gelatin since it is derived from a non-human and non-animal source (a 

derivative of acetylene chemistry) and forms a constituent of the density-gradient media percoll 

(comprising colloidal silica particles of 15 to 30 nm diameter (23 % w/w in water with a non-

dialysable PVP coating) and approximately 1 – 2 % free PVP165). Since percoll also represents a 

suitable medium for the resuspension of gelated agarose beads prior to IVTT by increasing the 

density of the surrounding suspension to match that of the enclosed agarose particles, effectively 

preventing their sedimentation during device operation, the effects of increasing percoll 

concentration on the efficiency of in vitro protein expression through polydisperse emulsification 

was next assessed. 

In acting on the hypothesis that an increase in percoll concentration would help to facilitate the 

stabilisation of in vitro expressed GFP (thereby generating enhanced protein yields), the 

aforementioned IVTT reactions were likewise assembled but this time in the presence of percoll 

ranging 1 % to 50 % in concentration (5 % increasing increments, v/v; Figure 4.7 & Figure 4.8). 

Following sample incubation over 2 hours at 37 °C, a reasonable 1.23 (CCC = 1.468 RFU µm-1; 50 

%) to 3.32-fold increase (CCC = 3.961 RFU µm-1; 20 %) in gene expression across all samples 

relative to the control (0 % percoll, CCC = 1.193 RFU µm-1) was observed (Figure 4.7 & Figure 4.8), 

with 20 % percoll (the additive effects of which are through to be due to its excellent complexing, 

stabilising, and colloidal properties as well as metabolic and physiological inertness166) yielding the 

greatest quantity of functional GFP per isolated polydisperse droplet upon the induction of 

protein expression (Figure 4.7F & Figure 4.8F). 

Although the optimal percoll concentration as identified herein is in contrast to those obtained 

from cell culture suspensions (0.075 %, 0.75 g/L, PVP used to stabilise heavy-chain monoclonal 

antibody production and 0.075 % for recombinant human vascular endothelial growth 

factor),162,163 these differences can be attributed to the targeted protein for expression, as well as 

to the experimental set-up used (since different additives possess unpredictable stabilising effects 

under dissimilar experimental conditions).163 



Chapter 4 

87 

 

Figure 4.7. Influence of increasing PVP concentration on GFP IVTT in polydisperse droplets. (A – L) QX200 

vortex generated polydisperse w/o emulsion droplets assembled alongside 250 ng vector CSDuetNpuHisGFP 

and IVTT machinery (2 h incubation at 37 °C) with increasing percoll concentration from 0 % to 50 % (v/v) in 

5 % increments. Brightfield (above) and corresponding fluorescence (below) photographs at 20x 

magnification are presented. 

Although the enhancing effects of percoll slowly declined upon reaching a percentage 

concentration of 25 % (CCC = 3.135 RFU µm-1; Figure 4.8), due likely to additive induced toxicity, 

the overall yield of protein expression for all percoll concentrations were nevertheless 

consistently above those for the negative control (0 % percoll). Collectively, these data report the 

first demonstration of the enhancing effects of percoll on the IVC of fully functional GFP in w/o 

emulsion droplets. 
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Figure 4.8. Influence of increasing PVP concentration on GFP IVTT in polydisperse droplets. (A – L) QX200 

vortex generated polydisperse emulsion droplets assembled alongside 250 ng vector CSDuetNpuHisGFP and 

IVTT machinery (2 h incubation at 37 °C) with increasing percoll concentration ranging 0 % to 50 % (v/v) in 5 

% increments. 

4.4 Influence of agarose and DNA amplification on IVTT 

To next facilitate an investigation into the effects of ultra-low gelling agarose and DNA 

amplification on the efficiency of in vitro protein expression, conventional 25 µL IVTT reactions 

comprising 250 ng vector CSDuetNpuHisGFP and 20 % percoll were assembled as previously 

detailed, and supplemented with sol-phase agarose to a final 1 % (w/v) concentration prior to 

incubation at 37 °C for 2 hours. In line with the view that the free diffusion of large IVTT 

assemblies (e.g. prokaryotic ribosomes, with a hydrodynamic diameter of approximately 20 nm 
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(200 Å)167) is permitted under the influence of porous polymeric materials such as hyaluronic 

acid,168 GFP fluorescence was clearly distinguished from agarose samples comprising 1 % agarose 

(whose pore diameter is estimated by atomic force microscopy to be ~509 ± 90 nm in 0.01 M 

TBE169) in which the mean reported fluorescence (n = 3) averaged 37,727 RFU ± 1,332 when 

compared against 37,378 ± 1,452 RFU for samples assembled in the absence of liquid-phase 

agarose (Figure 4.9A). 

To determine the combined influence of agarose and Phi29 DNA polymerase on bulk in vitro 

protein expression, standard TempliPhi isothermal DNA amplification reactions comprising 10 ng 

starting vector and agarose (to mimic the experimental conditions under which the IVC platform 

as detailed herein will later be performed during SICLOPPS screens; chapter 5) were assembled 

and incubated overnight at 30 °C to generate maximal amplification yields. Upon enzyme heat 

inactivation (65 °C, 10 mins) samples were re-suspended with PURExpress IVTT and incubated to 

initiate protein synthesis. As demonstrated (Figure 4.9B), the increased availability of DNA post-

amplification (43,638 ± 2,334 RFU) prompted a 4.13-fold increase in GFP fluorescence relative to 

controls comprising DNA but no Phi29 DNA polymerase (10,571 ± 2,407 RFU) as well as with no 

DNA template nor enzyme (117 ± 59 RFU), thereby demonstrating the capability of performing 

IVTT from isothermally amplified DNA samples.  

To facilitate a direct visual comparison between the levels of protein expression under each 

experimentally tested condition, samples were next separated electrophorectially via 15 % SDS-

PAGE (Figure 4.9C). Although enhanced bands corresponding to spliced C- and N- intein (6.94 kDa 

and 12.03 kDa, respectively), unspliced intein (18.96 kDa), and GFP were inexplicably unobserved 

amidst the remaining endogenous PURExpress proteins (either alone or through the 

enhancement or “darkening” of co-migrating bands), GFP expression was nevertheless verified by 

Western immunoblot analysis, whereby a single band at ~27 kDa corresponding to GFP was 

observed under both unamplified and amplified in vitro expression conditions. In line with data 

from Figure 4.9B, one-dimensional electrophoretic gel analysis via ImageJ revealed an 

approximate 3.29-fold increase in the relative band intensity of samples comprising pre-amplified 

DNA in comparison to those assembled in the absence of TempliPhi amplification (2730 and 868 

a.u., respectively). Spectral scanning was likewise used to demonstrate the presence of GFP 

through the detection of corresponding maximum excitation (488 nm) and emission (509 nm) 

wavelengths (Figure 4.9D).  
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Figure 4.9. Influence of agarose concentration and Phi29 DNA amplification on IVTT. (A) Influence of 1 % 

agarose on IVTT. (B) Determining the effects of Phi29 DNA polymerase mediated DNA amplification and 

agarose on IVTT. RFU (mean ± SD) where n = 3. (C) 15 % SDS-PAGE and Western immunoblot analysis of in 

vitro expressed amplified template DNA. (D) Spectral analysis in which the maximum excitation (488 nm) 

and emission (509 nm) wavelengths detected correspond directly to those for GFP. 

4.5 IVTT from pre-amplified DNA enclosed agarose beads in bulk and 

polydisperse emulsion formats  

To evaluate the ability of individual DNA enclosed agarose femtobeads to serve as efficient 

templates for in vitro gene expression, highly monodisperse ~6 µm diameter agarose beads 

comprising pre-amplified vector CSDuetNpuHisGFP (either unwashed or washed thrice via 

centrifugation to assess the effects of TempliPhi buffer carryover on protein expression) were 

next loaded into polydisperse bulk emulsions alongside PURExpress IVTT. To facilitate the 

detection of GFP positive droplets in the event of successful gene expression, DNA was pre-loaded 

into agarose beads at an average starting occupancy of approximately 30 plasmid copies prior to 

overnight amplification so as to ensure the presence of a sufficiently high proportion of DNA filled 
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beads (comprising approximately 37,205 copies per bead, or 2.6 x 10-4 ng). Since 250 ng DNA is 

sufficient for the generation of detectable GFP fluorescence from a standard 25 µL IVTT reaction 

(10 ng/µL), 2.6 x 10-4 ng DNA in an approximate 26 pL IVTT droplet (~36.8 µm in diameter, as 

estimated from previous polydisperse droplet data following 20 µm pipette filter filtration) was 

used to yield a similar final DNA concentration. 

Accordingly, the ability to express GFP in vitro from an agarose bead containing pre-isothermally 

amplified plasmid DNA in emulsion is demonstrated in Figure 4.10A. Although high GFP yields 

have been likewise reported in emulsion from single starting DNA template copies,87 the 

experiments as detailed herein were inadvertently disadvantaged by low starting template copies 

(Figure 4.10C),170 since no detectable GFP signal was observed from samples comprising agarose 

beads with DNA but in the absence of DNA pre-amplification. Since the overall yield of in vitro 

expressed protein was much higher than could be obtained from single DNA copies, these findings 

thereby indicate a single DNA enclosed agarose particle post-amplification to contain a sufficiently 

large number of functional gene copies to afford high protein levels in vitro. Alongside, other 

factors influencing the success of in vitro protein synthesis were shown to include the DNA 

amplification mix (as exemplified by previous work,95 and likely the result of differences in pH 

values and salt concentration with that of the IVTT system used), since no detectable GFP signal 

was observed from samples comprising unwashed agarose beads despite the presence of a 

sufficiently large quantity of encapsulated gene copies. Interestingly, these findings are in contrast 

to those in which droplets comprising isothermally amplified DNA were fused together with 

droplets containing IVTT to yield active β-galactosidase, but in the absence of amplification buffer 

removal.170 In addition to these findings, the homogenous distribution of GFP fluorescence as 

observed throughout the entirety of each droplet volume (as opposed to its localisation solely to 

within the agarose bead itself) is in line with the view that each DNA enclosed agarose femtobead 

is sufficiently porous to allow for the free diffusion of both large IVTT assemblies and of newly 

synthesised protein products without any restrictions (toward the DNA template) in vitro. 
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Figure 4.10. IVTT of GFP from pre-amplified CSDuetNpuHisGFP in polydisperse droplets. (A) Brightfield 

photograph of polydisperse droplets. (B) Encapsulation of washed agarose beads into polydisperse 

IVTT loaded droplets with corresponding brightfield photographs. 

Successful PURExpress-mediated in vitro GFP expression in polydisperse emulsion was further 

illustrated through the analysis of Figure 4.10A particle line scans (Figure 4.11A) and 3D 

fluorescence intensity profiles in a pseudo-colour format (Figure 4.11B). 

 

Figure 4.11. Particle line scan and three-dimensional intensity analysis of Figure 4.10A. (A) Fluorescence 

intensity line-scan analysis of in vitro expressed GFP from agarose femtobeads comprising pre-amplified 

plasmid DNA. (B) 3D fluorescence intensity profile of Figure 4.10A. Colour bars indicate an approximate 

fluorescence intensity per single pixel. 
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4.6 Optimisation of single agarose bead encapsulation 

Whilst aqueous agarose bead suspensions are visible under white light, they are nevertheless 

refractive index-matched in aqueous suspensions of IVTT (1.330 for water at 20 °C and 1.3329 for 

0.4 % agarose, representing an indices of refraction n within 2 % of that of water171). As a result, it 

is often difficult to qualitatively determine via brightfield microscopy during monodisperse 

agarose bead encapsulations the final number of agarose beads per drop. In contrast to reports 

detailing the visualisation of IVTT encapsulated hydrogel particles comprising functionalised 

phosphoramidite DNA through thiol-reactive Alexa 555 maleimide labelling, enabling the 

independent detection of hydrogel from in vitro expressed deGFP and template DNA,168 

elucidation of alternative scaffolds such as agarose for IVC and the optimisation of agarose bead 

encapsulation has yet to be achieved. Since the use of a sufficiently dilute agarose bead 

suspension for IVC is necessary to prevent agarose bead aggregation and hence device 

microchannel blockage, and that the success of SICLOPPS screening is fundamentally reliant upon 

the encapsulation of only a single monoclonal DNA-filled agarose bead per IVTT droplet (thereby 

ensuring the maintenance of monoclonality and the specific FACS-mediated selection of desirable 

hits), a dichlorotriazine-based staining procedure for the direct visualisation of singly isolated 

agarose femtobeads during monodisperse w/o compartmentalisation and of the optimisation of 

agarose bead encapsulation was devised. 

In contrast to the range of fluorescent dyes available for protein labelling, far fewer are available 

for reaction with the hydroxyl groups of polysaccharide chains and hence the elucidation of an 

agarose scaffold. In particular, fluorescent dyes comprising a mono- or dichlorotriazinyl group 

(including Procion Red MX-5B, DTAF (5- (4,6-dichlorotriazinyl) aminofluorescein) and the 

rhodamine dye Texas Red C2-dichlorotriazine) are known to react via the dichlorotriazinyl with 

hydroxyl groups (in addition to amino or amide groups under certain conditions) to yield a stable 

and covalent linkage between the dye and substrate (Figure 4.12).172 Of those listed, Texas Red 

C2-dichlorotriazine (excitation = 594 nm, emission = 623 nm) has been previously utilised for the 

fluorescent labelling of the hydroxyl groups in methylcellulose, a synthetic product derived from 

cellulose,173 alongside the elucidation of cartilage-derived matrix scaffolds.174 In light of these 

reports, Texas Red C2-dichlorotriazine was selected for coupling to an agarose polysaccharide 

support, and therefore of the independent detection of single agarose femtobeads during w/o 

compartmentalisation. 
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Figure 4.12. Texas Red C2-dichlorotriazine dye for agarose bead staining. (A) Structure of Texas Red C2-

dichlorotriazine dye and (B) agarose. (C) Mechanism of agarose bead staining using Texas Red C2-

Dichlorotriazine, involving dye affixment to agarose by displacement of one of the two chloride groups. 

Amongst the number of parameters available for optimisation, the concentration of Texas Red C2-

dichlorotriazine and media alkalinity are important for optimal single-step congugation.172 In 

particular, the concentration of fluorescent dye used in sample preparation involves a 

compromise between the observation of a sufficiently high and hence detectable signal (via flow 

cytometry) whilst maintaining the observation of minimal background during fluorescence 

microscopy (as well as for quantitative ImageJ and/or MATLAB particle analysis). To therefore 

determine an appropriate concentration of Texas Red C2-dichlorotriazine dye for labelling, two 

reagent concentrations (0.5 mg/mL and 1 mg/mL dye) were initially selected in accordance with 

previously published data for plate reader sample analysis.173–175 For optimal dichlorotriazine 

labelling, an alkaline 0.1 M sodium bicarbonate buffer ranging pH 8.0 to 9.5 was also prepared.173 

Since an excess of dye was added to accommodate bead labelling, unbound and/or free dye was 

sufficiently removed prior to imaging and analysis through the application of six successive 

centrifugation wash steps (6,500 rpm, 5 minutes).Although previous reports detail the severe 

fragmentation of low concentration agarose beads (<2 %) following transformation to the gel 

phase with a sequential wash-step procedure,91 the 1 % agarose beads as generated herein were 

observed to maintain good structural stability and physical morphology despite routine 

centrifugation (up to 10,000 rpm). Consequently, a 1 % final agarose concentration was selected 

for agarose droplet generation, demonstrating the capacity to achieve both good amplification 
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efficiencies and mechanical bead strength. As demonstrated, the plate reader-mediated detection 

of similar fluorescence levels from 0.5 mg/mL (3748 RFU) and 1 mg/mL (3864 RFU) Texas Red C2-

dichlorotriazine treated samples following 4 hours room temperature incubation is indicative of 

the suitability of both dye concentrations for the elucidation of an agarose scaffold (Figure 4.13A; 

with 1 mg/mL exhibiting a slight 1.03-fold increase in fluorescence). To further optimise labelling, 

testing of the recommended alkaline medium pH (8.0 – 9.5) with 1 mg/mL dye revealed the 

quantity of adequately stained agarose bead to depend on the grafting pH used, whereby samples 

prepared under pH 8.0 lead to an approximate 1.2-fold decrease in total fluorescence yield when 

reacted with agarose in contrast to those at a more slightly basic pH (9.0 – 9.5;173,175 Figure 4.13B, 

in which the use of an alkaline pH ensures that the majority of amines are in an un-protonated 

form (free amine), thereby enhancing the reactivity of agarose toward the fluorescence label and 

yielding a greater quantity of chemically bonded fluorescent molecules upon the surface of each 

agarose bead).172,173 In optimising the incubation length for conjugation (Figure 4.13), 24 hours 

was selected as a suitable period for bead labelling as exemplified by the observation of a 

fluorescence intensity approximately 2.16 times greater than of those prepared over 2 hours by 

both plate reader analysis (Figure 4.13C) and particle line scans through highlighted beads (Figure 

4.13D) depicting an increase in fluorescent signal over time. 
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Figure 4.13. Optimisation of Texas Red C2-dichlorotriazine agarose bead conjugation. (A) Selection of a 

suitable Texas Red C2-dichlorotriazine concentration and (B) medium pH for grafting with agarose beads via 

plate reader analysis. (C) RFU of agarose bead staining over 2 h (13.92 ± 1.83), 4 h (15.11 ± 0.91), 6 h (15.70 

± 0.37), and 24 h (30.10 ± 3.61) to determine the influence of incubation length on the efficiency of 

labelling; insert represents stained and washed agarose bead samples following 24 h incubation. (D) 

Corresponding fluorescence intensity of Figure 4.13C from particle line scans for each experimentally tested 

condition. n = 5; insert shows stained beads via fluorescence microscopy. 

The extent of agarose bead labelling was next accurately probed via flow cytometry. As 

demonstrated, a defined and highly monodisperse agarose bead population was observed and 

selected under each experimental condition for downstream FL3 analysis (610/20 nm bandpass 

filter, for Ex = 488 nm and Em = 601 nm detection; Figure 4.14A). As indicated, the initial 17.10-

fold increase in mean fluorescence intensity between stained (2 hours) and unstained samples is 

indicative of agarose bead to dye conjugation. Moreover, in line with Figure 4.13 data, the extent 

of conjugation was most substantial over an incubation period of 24 hours (thereby highlighting 

the suitability of a 24 hour incubation period for sample preparation), whereby a 5.14-fold 

increase in mean FL3 fluorescence was observed up from 2 hours incubation (2582 RFU, with the 

discrepancy in difference with Figure 4.13 likely the result of manual particle ImageJ analysis), in 
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comparison to a 1.64-fold increase from 2 to 6 hours (in line with the 1.13-fold increase from  

Figure 4.13A). Interestingly, the morphological appearance of solidified agarose beads remained 

spherical, porous, and intact both before and after grafting despite dye exposure for up to 24 

hours in 0.1 M sodium bicarbonate buffer (pH 9.0). Collectively, these data report the successful 

implementation of Texas Red C2-dichlorotriazine dye for the staining and visualisation of 

microfluidically generated agarose femtobeads. 

 

Figure 4.14. Flow cytometry of Texas Red C2-Dichlorotriazine stained agarose beads. (A) SSC versus FSC 

analysis of stained agarose beads. (B) Corresponding flow cytometric normalised to mode red fluorescence 

intensity (FL3-H) histograms with >10,000 recorded events. Mean fluorescence: 151, 2,582, 3,729, 4,247, 

and 13,260 for 0, 2, 4, 6, and 24 hours incubation, respectively. 

4.7 Resuspension of aggregated agarose beads prior to IVTT 

In facilitating the visualisation of agarose beads for IVC through the application of a Texas Red C2-

Dichlorotriazine dye, closer inspection of stained agarose beads revealed the presence of vast 

clump-like bead aggregates dispersed unevenly throughout each sample. Considering all samples 

were prepared in the absence of SICLOPPS vector and hence DNA, the underlying cause is unlikely 

to have been dsDNA interaction induced.176 Though polymer microspheres are more susceptible 

to hydrophobic-mediated aggregation in solution, other factors with the capacity to influence 

dispersity and hence the promotion of agarose bead aggregation include low surface charge 

(leading to decreased colloidal stability of the suspension due to a lack of microsphere repulsion), 

small diameter (and thus a high surface area to volume ratio) since Brownian motion of smaller 

spherical beads makes hydrophobic interactions more likely, high microsphere concentration 

(leading to an increase in the likelihood of particle collision and of the hydrophobic interactions 

that cause aggregation), and suboptimal buffer composition or pH.177 Considering the success of 
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single agarose bead encapsulation during IVC of SICLOPPS cyclic peptide libraries requires the 

presence of a non-aggregated bead suspension, methods for the rapid dispersion of agarose bead 

aggregates was next performed. 

To achieve this, four physical methods of bead resuspensions were selected, including (1) manual 

pipette resuspension, (2) resuspension via a 20 µm diameter pore filter, (3) sonication, and (4) 

vortexing. Accordingly, 4 µL Texas Red C2-dichlorotriazine labelled 6 µm diameter agarose beads 

(3.98 x 107 beads) were resuspended in 36 µL sterile deionised water (40 µL final volume; thereby 

achieving λ = 0.1 upon encapsulation at ~27 kHz (10 µL/h aqueous, 30 µL/h oil/surfactant flow 

rates)) via each of the aforementioned techniques. To evaluate the ability of each experimental 

approach to reverse aggregation in demulsified agarose beads prior to IVTT, aggregates were 

observed at 10x magnification by both light and fluorescence microscopy (Figure 4.15).  

Although the shear forces created by rapid manual pipetting of microsphere suspensions through 

a fine tip pipette is generally sufficient to reduce or eliminate hydrophobic-induced aggregation, 

resuspension alone did not to bring about any noticeable reduction in the overall quantity of 

aggregated agarose beads (Figure 4.15A). Similarly, the use of filtered pipette tips bearing a 20 

µm diameter pore size filter failed to significantly reverse bead aggregation (Figure 4.15B). 

Although gentle sonication was anticipated to yield the greatest dispersion and disruption of 

aggregates in solution, beads instead displayed excessive bead fragmentation with partial bead 

disintegration as evidenced by the presence of non-spherical and highly polydisperse fluorescent 

particles in solution (Figure 4.15C). Conversely, simple vortexing appeared to be the most suitable 

and straightforward approach to reducing agarose bead aggregation through the application of 

repeated short pulses (approximately 5 seconds) of vortexing over increased durations of time (1, 

5, and 10 minutes, Figure 4.15D-F; although, the complete removal of all agarose bead aggregates 

could not be achieved under all experimentally tested conditions), and was thus selected for all 

downstream encapsulation experiments. 
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Figure 4.15. Methods for the reversal of agarose bead aggregation in aqueous solution. (A) Resuspension of 

microspheres using manual pipetting, (B) pipette tips bearing a 20 µm pore diameter filter, (C) sonication, 

and (D – F) vortexing for between 1 and 10 minutes. 

4.8 Optimisation of single agarose bead encapsulation in monodisperse 

w/o emulsion droplets  

The encapsulation of single agarose beads, as with single cell or molecule encapsulations, is 

governed by the Poisson distribution.178 Here, the average number of beads compartmentalised 

per droplet is determined in accordance to the concentration of particles within the feed solution. 

Since the maintenance of droplet monoclonality and hence the presence of only a single DNA-

enclosed agarose bead per IVTT droplet facilitates the FACS-mediated selection of double 

emulsions comprising potential hit compounds (exhibiting increased levels of fluorescence), the 

optimisation of single Texas Red C2-Dichlorotriazine stained, and vortex resuspended, agarose 

bead encapsulation was next explored. 
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Accordingly, centrifuge washed Texas Red C2-dichlorotriazine stained agarose beads 

(approximately 6 µm in diameter) were resuspended in sterile deionised water supplemented 

with 20 % percoll and pulse vortexed (for up to 5 minutes) prior to loading into a vertically 

arranged 100 µL glass SGE syringe (Figure 4.16A, used to minimise agarose bead deposition 

during device operation). For emulsification, samples were injected into a 2-inlet 15 x 16 µm 

hydrophobic device at λ = 0.1 and 1.0 (to ensure the encapsulation of no more than a single 

labelled agarose bead within the majority of droplets) with flow rates ranging 80 µL/h for the 

continuous QX200 oil/surfactant phase and 60 µL/h for the inner aqueous phase (adjusted in line 

with the visual observation of single bead encapsulation/droplet formation). Upon collection, 

droplets approximately 23 µm in diameter (6.37 pL) were formed (Figure 4.16A&B). 

Since the process of emulsification requires up to at least an hour for single cell and/or bead 

compartmentalisation, the differences in density between the agarose beads employed and 

surrounding aqueous suspension (e.g. 1.6 g/cm3 and 1.00 g/cm3, respectively) increases the 

likelihood of sample sedimentation and therefore to a decrease in the efficiency of encapsulation. 

To overcome this, 20 % percoll acts not only an excellent medium with the ability to enhance the 

efficiency of in vitro protein expression (subsection 4.3), but also as a suitable density-matching 

solution to increase the density of the surrounding suspension to match that of the agarose 

beads.165,179 Since proper density matching can prevent bead and/or cell sedimentation, 

encapsulation efficiencies can be maintained for extended periods of time, and in the absence of 

adverse cytotoxic effects.180 Although alternative solutions including the use of mini stirrer bars 

placed inside of the particle suspension syringe have previously been reported, these are much 

too large to be used alongside those utilised herein. Moreover, the mixing process may lead to 

cell/bead damage and death, and does not prevent sample sedimentation throughout the 

microfluidic chip and tubing, where sedimentation may also occur. For these reasons, density-

matching solutions are preferred over mechanical methods as a more simplistic and 

straightforward approach to preventing the sedimentation of particles in solution.178 

In analysing of over 200 independent droplets via ImageJ under each experimentally tested 

condition, the average occupancies obtained for λ = 0.1 and 1.0 were observed to be in good 

agreement with their corresponding theoretical predictions (and therefore suitable for the 

encapsulation of agarose femtobeads during FACS screens; Figure 4.16D), in which singly 

occupied droplets comprised 7.38 ± 0.77 %, (mean with SD) and 38.62 ± 5.62 %, and doubly 

occupied droplets 0.95 ± 0.48 % and 6.79 ± 4.07 % of the total droplet population at λ = 0.1 and 

1.0, respectively. Since the use of Poisson statistics results in the creation of droplets in which the 

vast majority are empty, 178 emulsification at λ = 1.0 was used over λ = 0.1 for all subsequent bead 

encapsulations. Of note, failure to sufficiently dilute the starting agarose bead contained 
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suspension expectedly lead the observation of severe agarose bead aggregation within the base 

of the microfluidic chip inlet (Figure 4.16B insert).  

 

Figure 4.16. Optimisation of agarose bead encapsulation in monodisperse w/o droplets. (A) Encapsulation 

of stained agarose beads at λ = 0.1. Insert = photograph of stained agarose beads taken up into a 100 µL 

SGE glass syringe. (B) Encapsulation of stained agarose beads at λ = 1.0. Insert = aggregation on chip due to 

excessive bead concentration prior to encapsulation. (C) ImageJ line scan analysis of singly encapsulated 

agarose beads. (D) Percentage comparison of the experimentally and theoretically obtained number of 

encapsulated agarose beads at λ = 0.1 and 1.0. Single = % of singly occupied droplets, double = % of doubly 

occupied droplets. n = 200 in each case. 

With regards to SICLOPPS screening, the compartmentalisation of a complete CX5 SICLOPPS library 

comprising 3.2 x 106 at λ = 1.3 (prior to amplification; 71.68 % droplets filled, with each bead 
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comprising approximately 30,578 DNA copies or 2.15 x 10-4 ng) would require an agarose bead 

sample comprising ~4.92 x 106 droplets. For IVC, a total of at least ~7.83 x 106 droplets (23 µm 

diameter, ~6,371 fL) would therefore be required for subsequent library re-emulsification at λ = 

1.0 (62.8 % droplets filled). To accommodate this, a total volume of 49.88 µL IVTT mixture would 

be required, and with all droplets sorted via FACS in >1.15 hours (based upon an average sorting 

rate of approximately 3 kHz, although not taking into consideration subsequent w/o/w 

emulsification to yield FACS amenable double emulsions). In comparison to reactions performed 

in bulk, the same volume of IVTT would permit approximately two standard 25 µL experiments to 

be conducted. As such, these calculations highlight the significant advantages to be gained from 

using droplet microfluidics in high-throughput screening applications. 

4.9 IVC and FACS selection of GFP containing double emulsion droplets 

from DNA-enclosed agarose femtobeads 

To next determine the feasibility of performing in vitro protein expression from monodisperse 

IVTT loaded droplets comprising a single DNA enclosed bead, agarose femtobeads comprising 

clonally amplified template DNA (vector CSDuetNpuHisGFP) at λ = 1.3 and λ = 100 (with the latter 

representing 100 % DNA filled agarose beads to ensure the visualisation/detection of GFP positive 

droplets) were next introduced at single bead occupancies (λ = 1.0) into monodisperse IVTT with 

20 % percoll loaded droplets approximately 23 µm in diameter (6.37 pL) via a 2-inlet 15 x 16 µm 

hydrophobic flow-focusing device. By encapsulating each sample at 4 °C, the onset of IVTT is 

delayed to until the emulsion is incubated (37 °C, 2 h). To permit analysis via FACS, agarose bead-

in-IVTT-in-oil samples were transformed into a double emulsion format using a 3-inlet 15 x 26 µm 

(w x h) hydrophilic device. Following sample collection, droplets were injected into a FACSAria 

under 488 nm laser excitation with 530 ± 30 emission filter detection. 

As expected, the observation of distinct occupied (double emulsion) and unoccupied droplet 

populations on SSC versus FSC log-log density plots is consistent with previous experiments 

(subsection 2.4). Moreover, the observation of narrow FSC readings of agarose bead-in-IVTT-in-

oil-in-water double emulsion droplets is indicative of good sample monodispersity (Figure 4.17B). 

As expected, samples incubated for 2 hours at 37 °C expressed high levels of GFP, as evidence by 

the appearance of a distinct positive shift in green fluorescence intensity of gated double 

emulsion droplets above that of IVTT alone. Specifically, for agarose bead samples (DNA at λ = 1.3, 

71.68 % occupancy) encapsulated into IVTT droplets at λ = 1.0, approximately 53.90 % of double 

IVTT contained emulsions exhibited increased GFP levels (roughly consistent with the 

presumption that, if 71.68 % of agarose beads contain DNA, approximately 45.04 % of bead filled 
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IVTT droplets should comprise DNA and thus exhibit GFP fluorescence), whilst agarose bead 

samples with DNA encapsulated at λ = 100 (100 % occupancy) yielded approximately 66.20 % of 

double IVTT contained emulsions with increased levels of GFP (again, roughly consistent with the 

presumption that, if 100 % of agarose beads contain DNA, approximately 62.85 % of bead filled 

IVTT droplets should comprise DNA). Collectively, these data support the view that each DNA 

enclosed and fully gelated agarose femtobead is sufficiently porous to allow for the free diffusion 

of both large IVTT assemblies and of newly synthesised protein products without any restrictions 

in vitro. 

 

Figure 4.17. FACS analysis of agarose-in-IVTT-in-oil-in-water droplets. Double emulsions containing IVTT 

were generated using a 15 x 16 µm device, whilst triple emulsions were generated via a 25 x 30 µm device. 

(A) Fluorescence photograph of IVTT emulsions comprising encapsulated agarose beads (DNA at λ = 1.0). (B) 

SSC versus FSC of IVTT contained double emulsions droplets. Singly occupied (double emulsions) and empty 

(unoccupied droplets) can be distinguished. (C) Fluorescence FL1-H histograms demonstrating GFP 

fluorescence from double emulsion droplets comprising IVTT with agarose beads (containing isothermally 

amplified plasmid DNA at λ = 1.0 (black) and 100 (green)).   

Since IVC provides a platform for SICLOPPS library selections via the application of successive 

cycles of FACS-mediated sorting, recovery, and enrichment, the ability to recover sorted DNA 

contained droplets via PCR (of the SICLOPPS encoding CX5 region) for the identification of 

potential SICLOPPS hit candidates was next assessed. Upon amplified, PCR fragments can be re-

ligated into vector CSDuetNpuHisGFP and sequenced to facilitate hit identification. Since the 

initial identification of a PCR band can be indicative of successful FACS sample recovery (following 

selection for GFP positive droplets), the sensitivity of Taq-based PCR for DNA amplification and 

hence the quantity of DNA plasmid copies required for the observation of a PCR band (standard 

50 µL reaction, 30 cycles, and primers complementary to MCS1) was next mediated by performing 

a 10-fold serial dilution of vector CSDuetNpuHisGFP ranging 1010 to 104 DNA copies. 

As demonstrated, visual inspection of 5 µL product revealed distinct amplification bands 

approximately 697 bp in size over dilutions ranging 1010 to 105 plasmid copies (Figure 4.18A). In 

10 4 10 5

Forward scatter

10 3

10 4

10 5

Si
de

 s
ca

tte
r Singly occupied

86.4 %

Unoccupied droplets
6.51 %

10 1 10 2 10 3 10 4 10 5

Green fluorescence intensity (a.u.)

0

500

1.0K

1.5K

C
ou

nt

+ beads, λ = 100, + IVTT
+ beads, λ = 1.3, + IVTT
+ beads, - DNA, + IVTT
+ beads, - DNA, - IVTT
- beads, - DNA, + IVTT
- beads, - DNA, - IVTT

A B C



Chapter 4 

104 

addition, a faint albeit distinguishable band was visualised at an input of 104 DNA copies, thereby 

verifying the feasibility of identifying a PCR product providing an initial input of >104 DNA copies is 

achieved (corresponding to a single agarose bead post-amplification). In quantitatively analysing 

the band intensity of each individual lane, ImageJ analysis revealed the greatest quantity of PCR 

product to originate from a starting quantity of 109 plasmid copies, representing a 217-fold 

increase in band intensity when compared against an input of DNA 5 orders of magnitude lower 

(104; and with potential inhibition of PCR at DNA input copies >109).  

To next determine the feasibility of performing PCR amplification from agarose beads comprising 

pre-amplified CSDuetNpuHisGFP (λ = 1.0), GFP positive events from selected double emulsion 

droplets exhibiting a level of green fluorescence above that of IVTT alone were selected for 

sorting via FACS. Upon extraction using PFO, agarose beads were either (1) washed via 

centrifugation (as utilised for agarose bead in IVTT encapsulations) or (2) added directly to a 

standard 50 µL PCR reaction (to assess the influence of IVTT machinery presence on the outcome 

of amplification). As expected, prominent bands were obtained for all positive controls comprising 

(1) DNA alone (109 DNA copies of vector CSDuetNpuHisGFP), (2) unwashed agarose beads 

comprising pre-amplified vector without IVTT (verifying TempliPhi and Taq polymerase buffer 

compatibility), and (3) washed agarose beads following TempliPhi amplification and FACS (thereby 

highlighting the feasibility of achieving successful DNA recovery post-FACS for subsequent 

SICLOPPS screening sorts, providing the implementation of a wash step prior to PCR is employed; 

Figure 4.18B lane 2 – 4 and lane 6). Conversely, PCR supplementation with FACS sorted samples 

in the absence of IVTT buffer removal (Figure 4.18B lane 5) failed to yield any amplification 

product. Considering PCR inhibition is the most common cause of amplification failure when a 

sufficient quantity of DNA copies are present, the complete inhibition of PCR via IVTT (containing 

minimal contaminating exonucleases, RNases, nucleases, and proteases134) is likely due to the 

interaction of inhibitory protein components with DNA or through interference with Taq DNA 

polymerase. 
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Figure 4.18. 1 % agarose gel of FACS sorted DNA from agarose-in-IVTT droplets. (A) Testing the sensitivity of 

Taq-based PCR (30 cycles; MCS1 F & R primers encoding a 697 bp target sequence) for DNA amplification 

via a 10-fold serial dilution of input vector CSDuetNpuHisGFP ranging 1010 to 104. (B) Amplification was 

performed over 30 cycles, and with 5 µL sample analysed in each lane. 

4.10 Conclusion 

DNA microgel platforms have emerged as versatile tools for the cell-free expression of 

monoclonal amplicons whilst overcoming the limitations of in vivo protein expression. In building 

upon previous studies, an agarose bead-based system comprising femtolitre-sized membrane free 

agarose-in-oil compartments for monoclonal DNA amplification and IVTT was employed for 

confined in vitro GFP gene expression. To achieve this, a straightforward ImageJ-based 

methodology was initially employed to quantify and compare protein expression levels at the 

resolution of a single droplet, and to allow for the selection of QX200 as a suitable oil/surfactant 

for PURExpress IVTT. Moreover, the aforementioned methodology was likewise used to facilitate 

the identification of 20 % percoll as a suitable IVTT additive (yielding increased levels of GFP in 

comparison to 5 % BSA use74). Alongside its protein expression influence and in line with previous 

reports, percoll was identified and utilised as a suitable density-gradient medium for the re-

suspension and dispersion of femtolitre-sized agarose beads prior to emulsification. 

Since the encapsulation of porous agarose femtobeads comprising pre-amplified plasmid DNA 

with IVTT pre-loaded droplets proved detrimental to the success of IVC, a series of successive and 

stringent centrifugation wash steps (shown not to influence negatively upon the physical 

structure and morphology of each bead) was employed to remove inhibitory TempliPhi 

amplification material. Although the products of single DNA molecule amplification remain 

confined to within the agarose matrix itself, the GFP products of gene expression (following re-

emulsification in IVTT) were observed to freely diffuse out from within each porous bead. 
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Following conversion into a double emulsion format, these microgels can be sorted via FACS for 

the enrichment of gene concentration based on the fluorescent signal of the selected model 

protein (e.g. GFP) and recovered by PCR (providing samples are washed prior to extein MCS1 

amplification). 
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Chapter 5 IVC of SICLOPPS cyclic peptide libraries 

5.1 Overview  

To verify the ability of SICLOPPS to splice in vitro, yielding cyclised cyclic peptide products during 

IVC screens for subsequent sorting via FACS, this chapter details the IVTT PURExpress-mediated 

expression of Npu SICLOPPS vectors in both bulk and emulsified droplet formats, and of 

subsequent verification of intein splicing via qualitative SDS-PAGE and quantitative mass 

spectrometric (MS) analysis. To achieve this, FLAG-tagged Npu vectors were initially constructed 

to permit visual confirmation of the presence of intein splicing in IVTT via Western 

immunoblotting (since His-tagged inteins cannot be isolated due to the presence of endogenous 

PURExpress components likewise comprising a histidine tag), and MS verification of cyclic peptide 

generation following IVTT using vector CSDuetNpuHisGFP with an encoded CLLFVY extein (a cyclic 

peptide whose MS analysis has been widely reported in publication and used previously within 

the Tavassoli lab). Following verification of the ability of SICLOPPS to splice and hence yield cyclic 

peptide in vitro, vector CSDuetNpuHisAβ42-GFP was thereafter used to mediate the generation of 

an E. coli (DH5α)-based SICLOPPS cyclic peptide library (encoding both a CX5 library, in line with 

previous SICLOPPS screens, and Aβ42-GFP fusion assay, to identify inhibitors of Aβ42 aggregation 

as implicated in Alzheimer's disease), from which a purified plasmid stock for subsequent single 

DNA copy encapsulations could be performed. Despite achieving an adequately high 

transformation efficiency as appropriately determined via colony counts, NGS nevertheless 

revealed a 76-fold reduction in library diversity from the theoretically anticipated number of 

unique sample members (3.6 x 106). CX5 library ligation, in the absence of transformation, was 

therefore employed to overcome the aforementioned transformation losses, but was coincided 

by publication from another research group having reported a TX4 cyclic peptide library inhibitor 

(cyclo-TAFDR) of Aβ42-GFP in E. coli. To thereby demonstrate the capability of the droplet-

microfluidics based system as described herein to achieve the FACS-mediated recovery of a 

genetically diverse SICLOPPS cyclic peptide library, as well as of its ability to select for potential 

PPI inhibitors, a CSDuetNpuHisAβ42-GFP TX4 library was subsequently constructed and screened 

via IVC, and sequenced via NGS. In doing so, this chapter illustrates the feasibility by which the 

ultra-high throughput generation, screening, and FACS-mediated recovery of a diverse TX4 

SICLOPPS cyclic peptide library against Aβ42 may be performed, and through which iterative 

rounds of enrichment were achieved. 
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5.2 In vitro expression and processing of SICLOPPS inteins 

Prior to performing SICLOPPS screening via FACS, verification of the ability of the SICLOPPS Npu 

inteins to splice in vitro, thereby yielding cyclic peptide, either via the direct detection of a 

cyclised extein sequence (e.g. through MS analysis) or indirect observation of spliced IC and IN 

products (e.g. through SDS-PAGE; indicative of successful cyclic peptide generation under the IVTT 

and emulsification conditions as utilised herein for ultra-high throughput screens) was initially 

performed. Despite demonstrating the in vitro mediated expression and detection of GFP from 

pre-amplified and emulsified vector CSDuetNpuHisGFP (subsection 4.4), qualitative spliced intein 

detection via gel observations was inconclusive via 15 % SDS-PAGE. Since bands corresponding to 

the expected molecular weight of unspliced and spliced intein by-product could not be detected 

(as would be evidenced by the appearance of unique enhanced or “darkened” co-migrating intein 

bands amongst endogenous IVTT components), overcrowding of the PURExpress IVTT system 

factors to within the molecular weight regions expected of IN and IC, as well as of a low intein 

concentration following IVTT, represent potentially feasible explanations as to the apparent lack 

of (perhaps concealed) spliced intein. To therefore allow for the visual identification of spliced IN 

and IC (in which the latter is indicative of complete intein splicing) under both bulk and emulsified 

droplet formats, splicing was next probed via Western immunoblotting. Considering the 

PURExpress system comprises purified histidine (His)-tagged translational factors to facilitate the 

purification of protein products in a native non-tagged protein form,134 quantitative and/or 

qualitative detection of the N-terminal His-tagged IC intein of vector CSDuetNpuHisGFP would be 

impractical if performed with anti-His antibodies. Since detection would therefore require the 

presence of an affinity tag other than poly(His), use of the small octapeptide epitope FLAG tag 

(DYKDDDDK) in place of poly(His) for spliced IC detection was alternatively employed. 

To achieve this, two new pETDuet-1 SICLOPPS vectors were constructed to facilitate (1) 

immunoblotting identification of spliced Npu inteins in vitro and (2) a comparison between the 

efficiency of intein splicing in the presence of either a FLAG and His-tagged construct. Accordingly, 

Npu intein-based constructs were assembled with CA5 as the extein to be cyclised comprising 

either (1) an N-terminal FLAG tag (in the absence of a flexible 10 residue linker between the 

affinity tag and C-intein, as in vector CSDuetNpuHisGFP) with a C-terminally Chitin Binding Domain 

(CBD) tagged N-intein (hereafter vector CSDuetNpuFLAG-CBD, since CBD was used for intein 

extraction as part of the original SICLOPPS vectors in PPI screens), or (2) an N-terminal FLAG tag 

alone (since C-terminal tag removal has been identified to improve the efficiency of intein 

splicing,51 hereafter vector CSDuetNpuFLAG; Figure 5.1). Specifically, selection of the hydrophilic 

octapeptide FLAG tag for spliced C-intein detection was mediated to minimise the likelihood of 

affinity tag interference with the activity and/or structure/characteristics of the targeted protein 
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of interest.181 Alternatively, the short octapeptide streptavidin binding Strep II affinity tag 

(WSHPQFEK, which does not interfere with protein folding or bioactivity, nor induce protein 

aggregation) could likewise have been used.181 As positive controls and to mediate a comparison 

against non-FLAG tag containing constructs, vectors comprising the Npu intein with a C-terminal 

CBD tag alone (CSDuetNpuCBD) alongside an Ssp tagged CBD vector (CSDuetSspCBD; used 

commonly during in vivo SICLOPPS library construction and screens) were likewise assembled 

from vectors pARNpuSsrA and pARCBD, respectively (Figure 5.1A&B). For both Ssp and NpuCBD 

vector construction, SICLOPPS was cloned into MCS1 of vector pETDuet-1 between Nco I and Hind 

III restriction enzyme sites. 

 

Figure 5.1. Illustration of constructed FLAG-tagged Ssp and Npu SICLOPPS vectors. 

To verify the ability of each newly constructed FLAG-tagged vector to splice, expression was 

initially mediated in vivo prior to IVTT. Accordingly, plasmids were transformed into E. coli 

BL21(DE3), grown to OD600 = 0.6, and induced with 100 µM IPTG for 3 hours at 37 °C. Thereafter, 

cultures were lysed via sonication and analysed electrophoretically via 15 % SDS-PAGE to visually 
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inspect the presence of splicing (Figure 5.2). As demonstrated, strong bands at the molecular 

mass associated with unspliced inteins for vectors CSDuetNpuHisGFP, CSDuetSspCBD, and 

CSDuetNpuCBD (indicative of successful protein expression at 18.96, 24.05, and 22.75 kDa, 

respectively) were observed, as well as for bands corresponding to IN and IC (indicative of 

complete intein splicing).51 In demonstrating the utility of an N-terminal C-intein FLAG tag for 

SICLOPPS processing applications, both CSDuetNpuFLAG-CBD and CSDuetNpuFLAG vectors 

exhibited successful splicing in vivo, as evidence by prominent IN (17.95 kDa and 12.03 kDa, 

respectively) and IC (5.63 kDa) bands at the expected molecular mass. Given all constructs were 

allowed to splice in tandem, the qualitative observation of weak full length unspliced Npu bands 

in comparison to those comprising Ssp is likewise indicative of the superior splicing efficiency of 

Npu.51 Collectively, these data indicate the incorporation of an N-terminal linker-deficient FLAG 

tag to be suitable for the expression and splicing of SICLOPPS constructs in vivo, and of its 

alternative utilisation in place of a poly(His) tag. 

 

Figure 5.2. 15 % SDS-PAGE of E. coli BL21(DE3) Ssp and Npu intein splicing (pETDuet-1). Constructs comprise 

a pETDuet-1 backbone. Analysis clearly indicates the ability of FLAG-tagged SICLOPPS vectors to splice in 

bacterial cells via the observation of spliced N- and C-inteins. 

To definitively determine the ability of SICLOPPS vectors CSDuetNpuFLAG-CBD and 

CSDuetNpuFLAG to splice, and to thereby generate cyclic peptide in vitro, standard PURExpress 

IVTT reactions were next supplemented with equal starting quantities of template plasmid DNA 

(250 ng per 25 µL reaction) and incubated at 37 °C for 2 hours. To simultaneously investigate the 

influence of sample emulsification on the outcomes of intein splicing and total SICLOPPS protein 

yield, IVTT reactions were likewise assembled but thereafter emulsified into a polydisperse 
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droplet format (via the vortex-mediated application of QX200 droplet generation oil) prior to 

sample incubation (reflective of the experimental conditions to be used during SICLOPPS screens). 

Electrophoretic 15 % SDS-PAGE analysis of in vitro expressed CBD and FLAG tagged SICLOPPS 

constructs in either the presence (drop) or absence (bulk) of emulsification is illustrated in Figure 

5.3. In particular, vector CSDuetNpuHisGFP was omitted during experimentation since C-intein 

detection could not be mediated by Western immunoblotting. As hypothesised, in vitro protein 

expression was observed to be largely independent of sample emulsification, since two-

dimensional gel electrophoresis revealed similar band intensities for both polydisperse and non-

compartmentalised IVTT samples under each experimentally tested condition. Although proteins 

endogenous to the PURExpress system were clearly distinguished via SDS-PAGE (Figure 5.3), 

bands corresponding to the expected molecular weight of unspliced and spliced intein by-product 

(as would be evidenced by the appearance of enhanced or “darkened” co-migrating bands) for 

each SICLOPPS vector were not as straightforwardly observed. Although overcrowding of 

endogenous PURExpress system components and low intein concentrations present feasible 

explanations as to the apparent lack of (perhaps concealed) spliced intein, IC could neither be 

observed (4.43 kDa – NpuCBD; 5.63 kDa – NpuFLAG/FLAG-CBD). Moreover, attempts to improve 

the yield of targeted protein and to thus facilitate band visualisation through optimisation of the 

input DNA concentration prior to IVTT (125, 250, 500, 1000 ng DNA as recommended by NEB) and 

murine ribonuclease (RNase) inhibitor (in the event of RNase contamination), were largely 

unsuccessful. Although Tricine-SDS/PAGE (1 – 100 kDa182) and Glycine-SDS/PAGE (1 – 3 kDa183) 

represents the preferred electrophoretic system for the separation and resolution of proteins 

under 30 kDa (or higher e.g. 20 % acrylamide gel, and thus suitable for IC visualisation in the event 

of gel protein run off), such methods would not allow for the visualisation of unspliced intein 

production due to the presence of overlapping PURExpress system components nor IN in the 

event of low protein yield. 
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Figure 5.3. 15 % SDS-PAGE analysis of Ssp and Npu intein splicing under PURExpress IVTT. 

Electrophoretic analysis of vectors CSDuetSspCBD, CSDuetNpuCBD, CSDuetNpuFLAG, and  

CSDuetNpuFLAG-CBD expressed via a 25 µL PURExpress IVTT reaction, 2 h at 37 °C, in either the absence  

(bulk) or presence (drop) of emulsification. No DNA = control IVTT reaction comprising no input plasmid. 

To definitively probe the presence of spliced IN and IC from each Npu SICLOPPS vector, and 

thereby verify its suitability for IVTT, Western immunoblotting using antibodies against CBD and 

FLAG-tagged constructs were next used to facilitate the detection of spliced SICLOPPS inteins. As 

demonstrated, the observation of strong protein bands corresponding to unspliced C-terminally 

CBD tagged CSDuetSspCBD, CSDuetNpuCBD, and CSDuetNpuFLAG-CBD vectors following murine 

anti-CBD antibody application is indicative of successful in vitro SICLOPPS expression (Figure 5.4). 

Moreover, the presence of spliced CBD-tagged N-intein is likewise suggestive of the capability of 

SICLOPPS to splice successfully under the influence of IVTT (and with Npu intein-based constructs 

expectedly exhibiting a greater degree of splicing in comparison to SspCBD51). Interestingly, the 

NpuCBD data as generated herein (in which distinct unspliced and IN bands at 22.75 kDa and 17.95 

kDa, respectively, were observed) is expectedly consistent with previously published reports (CX5 

library expression51) and Charlotte Eve Lawrence Thesis (previous Tavassoli lab PhD student; 

CLLFVY extein) but is inexplicably in contrast to those detailing complete intein splicing in T-REx-

P1 cells in which a sole CBD tagged IN band was reported from Western immunoblot data despite 

utilisation of the same intein sequence for vector reconstruction.184 Overall, ImageJ-based two-

dimensional electrophoretic quantification of IN CBD-tagged bands relative to each unspliced 

product revealed those comprising an N-terminal FLAG tag to splice more efficiency in vitro. As 

evidenced by the presence of a 14.71-fold increase in IN-CBD from unspliced CSDuetNpuFLAG-CBD 

(compared against a 4.57-fold increase for CSDuetNpuCBD), these data additionally demonstrate 

the use of an N-terminal C-intein Npu FLAG tag to enhance SICLOPPS intein splicing in vitro.  
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Figure 5.4. Western immunoblot analysis (anti-CBD) of Ssp and Npu intein splicing. Vectors were expressed 

via a standard 25 µL PURExpress IVTT reaction for 2 h at 37 °C in either the absence (bulk) or presence 

(drop) of emulsification. 

Although attempts for the detection of FLAG-tagged C-intein from vectors CSDuetNpuFLAG and 

CSDuetNpuFLAG-CBD was later investigated via anti-DYKDDDDK tag antibodies, no product could 

be observed. Despite optimisation of primary anti-FLAG (1:100-1:1,000) and secondary anti-

mouse-HRP (1:50,000-1:100,000) antibodies together with an increase in methanol transfer buffer 

concentration (10 % to 20 %) and alteration in wet transfer length (1, 1.5, and 2 hours) such steps 

were unsuccessful in eliciting a clearer and more defined band for both FLAG-tagged constructs 

despite CBD analysis clearly indicating the presence of product. As such, the apparent lack of Npu 

intein is unlikely the result of DDDDK enterokinase serine protease cleavage (hydrolysis at the 

carboxyl side of lysine) due to the purity of the PURExpress system.185,186 Despite the high 

negative charge (five negative charges and two positive charges187) of the FLAG-epitope tag, 

partial renaturation with terminal tag burial (limiting tag accessibility) presents a potentially 

feasible explanation as to the observation of a poor fusion protein signal,188,189 and with which the 

application of 20 mM DTT loading buffer for disulphide bond reduction and 15 minute 

denaturation length could have helped to alleviate the aforementioned problem. 

Despite having verified the presence of successful Npu intein splicing in vitro via Western 

immunoblot analysis, reasons behind the lack of observable intein product via SDS-PAGE were 

subsequently explored, including (1) use of an unsuitable and/or unoptimized vector backbone for 

PURExpress IVTT, and (2) an inadequately high template plasmid purity from standard plasmid 

minipreps. To thereby probe the hypothesis that the lack of observed in vitro expressed intein via 

SDS-PAGE (despite sequence optimisation) be potentially a result of an unsuitable plasmid 

backbone, the SICLOPPS His-IC-CA5-IN encoding region was next cloned from vector 

CSDuetNpuHisGFP into the NEB PURExpress supplied dihydrofolate reductase (DHFR) plasmid 

between Nde I and Bam HI restriction enzyme sites (Figure 5.5A&B; DHFR vector is supplied as a 

convenient backbone within which desirable genes may be cloned and subsequently expressed). 

Since the preparation of template plasmid via commercial plasmid miniprep kits (e.g. Qiagen) 

often contains inhibitory quantities of RNase A (a hydrolytic endoribonuclease that catalyses the 
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hydrolysis of RNA by endonuclease cleavage of the phosphodiester bonds forming the covalent 

linkage between adjacent ribonucleotides190), the influence of ethanol (EtOH) precipitation for the 

de-salting and concentration of template DNA samples prior to IVTT was likewise assessed (Figure 

5.5C). 

As demonstrated, the influence of DNA template preparation (either column prepped, or prepped 

alongside an additional EtOH precipitation step) for PURExpress mediated in vitro protein 

expression is illustrated in Figure 5.5. As evidenced by the presence of three distinct DHFR protein 

bands at 18 kDa under control (manufacturer supplied stock), column prepped, and EtOH 

precipitated sample lanes, use of the miniprepped plasmid DHFR stocks was not observed to 

result in a significant reduction in protein yield (upon visual inspection; this finding was likewise 

supported by ImageJ two-dimensional electrophoretic quantification of the bands corresponding 

to the molecular weight of DHFR). Moreover, inclusion of EtOH precipitation prior to IVTT did not 

appear to enhance the resultant DHFR band, suggesting additional purification steps in template 

plasmid preparation to be unnecessary, since the outcomes of IVTT were not significantly altered. 

In contrast to the hypothesis that the DHFR vector backbone would be more optimally suited for 

Npu intein expression, no protein bands indicative of unspliced SICLOPPS protein nor spliced IN 

intein were observed under both miniprepped and EtOH treated samples (when compared 

against those comprising the original CSDuetNpuHisGFP starting vector). By contrast, enhanced 

and previously unobserved bands corresponding to the molecular weight of GFP (27 kDa, green 

arrow) present within MCS2 of vector CSDuetNpuHisGFP was observed alongside potential spliced 

IC from vectors NEB Npu and CSDuetNpuHisGFP at 6.94 kDa. Despite this, the aforementioned 

bands could not be observed following repeat experimentation, indicating the observation and 

analysis of individual SICLOPPS products in vitro by 15 % SDS-PAGE to be both difficult and 

unreliable. Collectively, standard miniprepped CSDuetNpuHisGFP backbone vectors were deemed 

adequate for the PURExpress-mediated IVTT of SICLOPPS Npu encoded inteins. 
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Figure 5.5. 15 % SDS-PAGE analysis of the influence of template DNA purity on IVTT. (A) DHFR vector from 

the PURExpress IVTT system (NEB). (B) Cloning of His-IC-CA5-IN into the recipient DHFR vector between Nde I 

and Bam HI sites. (C) IVTT of DHFR, newly constructed SICLOPPS Npu (NEB Npu), and original 

CSDuetNpuHisGFP vectors miniprepped alone or miniprepped with an additional EtOH precipitation step. 

5.3 Mass spectrometric detection of in vitro expressed SICLOPPS cyclic 

peptides in emulsion 

Although the ability of the aforementioned Npu SICLOPPS inteins to splice in vitro was determined 

via Western immunoblotting, detection of IC (indicative of complete intein splicing and hence of 

cyclic peptide generation) could not be definitively proved. To thereby facilitate the quantitative 
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detection of Npu SICLOPPS vector-generated cyclic peptide via the PURExpress IVTT system, MS 

was next used as a suitable analytical technique to verify the presence of cyclised extein. In 

particular, MS has been previously employed for the detection of the hexameric cyclic peptide 

cyclo-CLLFVY (via an Npu CBD-tagged SICLOPPS vector, and with CLLFVY representing an inhibitor 

of the HIF-1α/HIF-1β PPI involved in hypoxia response signalling) from human HEK-293 cells in the 

absence of Western immunoblotting C-intein detection.184 In utilising this technique, cyclo-CLLFVY 

was selected for in vitro expression due to its previously reported use and detection as 

appropriately achieved via the same Npu SICLOPPS inteins.184,191 Additionally, vector 

CSDuetNpuHisGFP was chosen for extein sequence expression since subsequent library 

constructions and FACS library screens were to be mediated using this vector. 

To thereby probe the hypothesis that the Npu SICLOPPS inteins of vector CSDuetNpuHisGFP are 

capable of splicing fully to yield cyclo-CLLFVY in vitro in either the presence of absence of QX200 

emulsification, PURExpress IVTT reactions (25 µL) were next assembled in either (1) bulk format 

(non-emulsified), (2) polydisperse droplet format (via vortex), or (3) monodisperse droplet format 

(JUS chip; 1 % agarose bead formation at λ = 1.3 and re-encapsulation alongside IVTT). Following 

incubation (2 h at 37 °C), samples were demulsified via PFO and the aqueous cyclic peptide 

bearing phase extracted for MS analysis via the University of Southampton Mass Spectrometry 

Facility (courtesy of Ms Julie Herniman). To simultaneously establish an investigation into the 

influence of FACS sorting on MS cyclic peptide detection, monodisperse samples comprising IVTT 

and SICLOPPS were additionally encapsulated into a double emulsion format prior to sorting for 

GFP positive droplets, and the aqueous phase extracted for analysis. 

Given that it is not possible to accurately quantify the amount of cyclic peptide produced by 

SICLOPPS,51 detection of in vitro expressed cyclo-CLLFVY is demonstrated in Figure 5.6, whereby 

the observation of single [M+H]+ (739.39) and [M + Na]+ (761.37) peaks corresponding to that of 

cyclo-CLLFVY under bulk, emulsified, and post-FACS experimental conditions is indicative of Npu 

intein splicing with concomitant cyclic peptide generation. To provide an estimation as the 

quantity of cyclic peptide generated per IVTT reaction, synthetic cyclo-CLLFVY were analysed at 1 

µg/mL and 10 µg/mL. Although no peptide was detected at 1 µg/mL, [M+H]+ (739.39; 3 ng per 3 

µL injection), 10 µg/mL (30 ng per 3 µL injection) yielded an observable result. Considering the 

yield of target protein with PURExpress ranges between 10 – 200 µg/mL (model DHFR = 187 

µg/mL),185 determination of protein synthesis yield can be calculated using 𝑦𝑖𝑒𝑙𝑑	(µ𝑔/25	µ𝐿) 	=

	NOPQRS	T	UV
WXY

	. In using the model DHFR protein as a base for calculation (259.75 pmoles), cyclo-

CLLFVY equates to approximately 10.92 pmoles (756.96 Da), yielding 8.27 ng/25 µL reaction (0.33 

ng/µL; 0.99 ng per 3 µL injection); however, this calculation falls below the aforementioned 1 

µg/mL concentration required for MS detected, indicating the true yield of in vitro expressed 
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cyclo-CLLFVY to lie closer to 10 µg/mL. Nevertheless, these data collectively demonstrate the 

feasibility of SICLOPPS cyclic peptide generation in vitro under both bulk and emulsified 

encapsulation conditions. Moreover, these results are consistent with the view that the 

expression of soluble and correctly folded product is independent of the droplet generation 

technique employed.51,74 

 

Figure 5.6. MS (ESI+) detection of in vitro expressed cyclo-CLLFVY. (A) PURExpress mediated expression of 

vector CSDuetNpuHisGFP via a bulk 25 µL IVTT reaction (2 h 37 °C) format for cyclo-CLLFVY expression prior 

to MS analysis. (B) MS analysis of cyclo-CLLFVY in polydisperse droplets following sample emulsification via 

QX200 droplet generation oil. (C) Cyclo-CLLFVY detection following encapsulation in monodisperse droplets 

prior to FACS, and (D) post-FACS sorting. 

5.4 Construction and in vitro generation of a cyclic hexamer SICLOPPS 

cyclic peptide library for FACS selections against Aβ42 peptide 

Although SICLOPPS has been previously utilised in both prokaryotic and eukaryotic systems for 

the agar plate-based selection of cyclic peptide inhibitors of challenging PPIs, its use has yet to be 

implemented for the in vitro generation of a SICLOPPS cyclic peptide library in microfluidics 

droplets and with screening as conducted via FACS. Since selections via FACS would require the 

generation of a fluorescent signal above background upon the interaction of a potential cyclic 
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peptide hit with a targeted PPI, the previously reported amyloid beta (Aβ)42-GFP fusion assay – 

which conveniently links the inhibition of aggregation of the Alzheimer's disease-associated Aβ42 

peptide with the onset of correct GFP folding into its native fluorescent structure,192 was 

subsequently selected for Npu SICLOPPS-based screens (Figure 5.7). Since the maturation and 

hence correct folding of GFP is a relatively slow process (~60 minutes),193 the development of 

fluorescence depends on the solubility state of the Aβ42-GFP fusion itself. Whilst aggregation of 

the Aβ42 sequence mediates fusion protein misfolding, inhibition via hit cyclic peptide binding 

conversely inhibits aggregation, and thus facilitates GFP folding. Consequently, the distinguishable 

increase in green fluorescence intensity upon hit identification permits selections to be made via 

FACS. 

 

Figure 5.7. Illustration of Aβ42-GFP fusion assay cyclic peptide inhibitor selection.  

To achieve this, a SICLOPPS vector capable of allowing for the simultaneous co-expression of cyclic 

peptide and Aβ42-GFP fusion was next constructed. In using the CSDuetNpuHisGFP vector, MCS2 

was designed to express the 42 amino acid Aβ42 peptide 

(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA; as cloned via a gBlock) joined via a short 

flexible GSAGSAAGSGEF linker to a soluble GFP variant to yield vector CSDuetNpuHisAβ42-GFP 

(Figure 5.8). In addition, a C-terminally tagged SsrA (AANDENYALAA) vector was likewise 

constructed in the event that E. coli-based screens be performed (and alternatively used as a 

positive control). As such, the SsrA protein degradation tag mediates the targeting of spliced Npu 

inteins for intracellular degradation via the ATP-powered ClpXP proteolytic machinery (which 

unfolds stable tertiary structured proteins and translocates unfolded polypeptide sequences into 

a sequestered proteolytic compartment for degradation194) to permit the formation of traceless 

SICLOPPS inteins that do not effect host cell viability.51  

Alongside Npu vector construction, an Ssp-based CSDuetHisAβ42-GFP vector was likewise 

assembled as a comparative control, and to be used in the event that the Npu generated 

SICLOPPS library failed to yield any positive cyclic peptide hits (since an Npu library has yet to be 
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employed in the identification of successful PPI SICLOPPS hits). Specifically, the CSDuetSspAβ42-

GFP plasmid was constructed through amplifying the Ssp CBD region from the pARCBD plasmid. 

This plasmid itself was designed from the arabinose inducible expression vector pAR3, containing 

the araC repressor, araB promoter-operator and chloramphenicol resistance. The original pARCBD 

plasmid also contains a p15A origin of replication (~10 copies per cell), which acts to maintain a 

low copy number to minimise toxicity upon intein expression. SICLOPPS was subsequently cloned 

between Nco I and Hind III restriction enzyme sites of MCS1, with Aβ42-GFP assembled in MCS2. 

 

Figure 5.8. CSDuetNpuHisAβ42-GFP vector construction for SICLOPPS library generation. The SICLOPPS 

encoding region of vector pARNpuHisSsrA was cloned into pETDuet-1 MCS1 between Eco RI and Hind III 

restriction sites, whilst Aβ42-GFP was cloned into MCS2. 

In keeping with previously established SICLOPPS screening techniques, a random CX5 cyclic 

hexamer library comprising five randomised NNS mixed based motifs (where N represents any of 

the four canonical DNA bases A, C, G, or T, and S represents either C or G) and initial nucleophilic 

cysteine residue (to facilitate the transesterification step of intein processing) yielding a 3.2 x 106 

library members was next constructed via a two-step “zipper” PCR-based technique (Figure 5.9).3 

The resulting library amplicon was subsequently digested using Nhe I and Hind III restriction 

enzymes sites, prior to cloning into vector CSDuetNpuHisAβ42-GFP via an optimised 1:9 vector to 

insert ligation. To allow for the generation of a purified plasmid stock comprising the 

aforementioned CX5 SICLOPPS library, and with which the on-chip mediated encapsulation of 

singly isolated plasmid library members prior to IVTT and FACS could be performed, ligations were 

subsequently electroporation into in-house generated electrocompetent E. coli (DH5α) cells, 

recovered, and incubated overnight at 37 °C. 
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Figure 5.9. CSDuetNpuHisAβ42-GFP CX5 SICLOPPS library construction. 

To next determine the resulting diversity of the aforementioned Npu SICLOPPS CX5 library prior to 

FACS-based SICLOPPS screens (and to ensure the generation of a sufficiently high biological 

complexity of the resulting Npu library to justify PPI screening in vitro), a sample SOC recovery 

culture (20 µL) was serially diluted with sterile SOC media, in line with Tavassoli lab protocols, to 

yield 10-4, 10-5, 10-6, and 10-7 10-fold serial dilutions prior to plating on 100 µg/mL carbenicillin LB 

agar plates, and from which a calculation of the resulting number of total library transformants 

could be achieved.3 Following overnight 37 °C incubation, the total number of transformants and 

hence independent library members was determined to be 7.3 x 106 (2.28-fold greater than that 

of the total anticipated library size of 3.2 x 106, and as measured via counting of the number of 

independent transformants by serial dilution following 16 hour plate incubation), indicating full 

coverage of the encoded CX5 SICLOPPS library and hence of its eligibility for subsequent screens.3 

The remaining recovery mixture (980 µL) was divided equally and plated onto five separate LB 

agar plates comprising 100 µg/mL carbenicillin. Following overnight incubation, the resulting 

colonies were scrapped, resuspended in LB media, prepped, and finally recovered to yield a 

purified plasmid library for subsequent single DNA molecule encapsulations with IVTT (Figure 

5.10). Collectively, the optimisation steps taken to ensure maximal E. coli transformation 
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efficiencies included (1) use of freshly prepared in-house generated electrocompetent E. coli 

(DH5α) aliquots, (2) ligation optimisation through use of 1:1, 1:3, 1:6, and 1:9 vector to insert 

molar ratios (from which 1:9 was found to yield the greatest number of colonies post-ligation 

transformation as determined via standard colony counts), (3) ligation dialysis in 1 L molecular 

biology grade water prior to electroporation to remove excess inhibitory salts, and (4) incubation 

of each aerated culture tube (comprising the electroporated E. coli transformation mixture) into 

10 mL of 37 °C pre-heated sterile molecular biology grade water as contained within a 50 mL 

falcon tube. 

 

Figure 5.10. Generation of a plasmid SICLOPPS library for screening in droplets via FACS.  

To initially verify the feasibility of recovering an on-chip encapsulated and in vitro expressed 

SICLOPPS cyclic peptide library via the FACS-mediated selection of GFP fluorescence (FL1-H), the 

resulting CX5 SICLOPPS Npu plasmid library was next singly encapsulated via library dilution at λ = 

1.3 into agarose-in-oil droplets together with TempliPhi Phi29 DNA polymerase amplification 

material. Following overnight incubation at 30 °C (to facilitate the monoclonal amplification of 

singly encapsulated DNA clones), the resulting beads were thereafter demulsified via the addition 

of PFO and re-encapsulated with PURExpress IVTT to yield agarose-in-IVTT-in-oil droplets. 

Subsequent re-emulsification, yielding an external aqueous continuous phase for amenability with 

flow cytometric screens, droplets were analysed and sorted on FL1-H for double emulsion 

populations exhibiting fluorescence levels above that of simple oil-in-water background droplets 

and of those comprising IVTT alone (i.e. droplets having failed to encapsulate an inner DNA 

containing agarose bead). Following collection, samples were demulsified via the addition of PFO, 

purified, and subsequently transformed via high-efficiency electroporation into in-house 

generated electrocompetent E. coli (DH5α) cells. 

Following overnight incubation, the resulting colonies were next analysed via standard Sanger 

sequencing to more definitively probe the functional diversity and hence quality of the resulting 

NNS-scheme library post-FACS (which represents a measure of the distribution of peptide 

sequences encoded within a sample population comprising more than a single class member195). 

To achieve this, 100 individual bacterial colonies were selected at random and sequenced, the 

16 h, 37 °C

A Plate recovery CX5
library mixture

B Library colonies C Scrape colonies
Transfer to falcon + LB media

D Plasmid SICLOPPS
library
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first 10 of which are provided in Table 5.1, and full 100 provided in appendix 7.4. Such partial 

sampling methods are helpful in providing a rough estimation as to the level of population 

diversity, in which the maximally achieved diversity for the library (which cannot be increased 

after the completion of cloning and E. coli transformation) is represented.196 

 
Colony number Amino acid sequence DNA sequence 

1 CRHGLL TGCCGGCACGGGTTGTTG 
2 CG*P*W TGCGGGTAGCCCTAGTGG 
3 CAGVRG TGCGCGGGGGTCAGGGGG 
4 CCGGVV TGCTGCGGGGGGGTCGTG 
5 CKVCGG TGCAAGGTGTGCGGCGGG 
6 CVRCCV TGCGTCCGGTGCTGCGTC 
7 CRLRLR TGCCGGCTGAGGCTGCGC 
8 CPTRRL TGCCCGACGCGGCGGTTG 
9 CRVCGD TGCCGCGTGTGCGGGGAC 

10 CLTSLP TGCTTGACCTCGTTGCCC 

Table 5.1. Verification of the generation of a diverse heptapeptide SICLOPPS library via 

CSDuetNpuHisAβ42-GFP following FACS. Sequence data from 10 randomly picked CX5 library colonies (100 

sequenced in total). * indicates an amber (TAG) stop codon. 

To provide a graphical representation of sequence similarity of the patterns within a multiple 

sequence alignment, WebLogo sequence logos (invented by T. Schneider and M. Stephens to 

observe patterns in sequence conservation197) were generated via 

http://weblogo.berkeley.edu/logo.cgi to enable the relative frequency of bases, amino acid 

residues, and information content (as measured in bits) at every sequence position to be 

elucidated from both DNA and protein multiple sequence alignments, and as provided in a FASTA 

format. Since the height of each letter is made proportional to its frequency, and letters of each 

stack are ordered such that the most frequent appear at the top whilst those less frequent appear 

at the bottom; of note, the most frequent residues as demonstrated in Figure 5.11 can be seen to 

represent those comprising positively charged side chains including arginine, histidine, and lysine 

(green lettering). Overall, sequencing data as presented in Table 5.1 and Figure 5.11 revealed 

good sequence diversity at the DNA and protein sequence levels of all processed CX5 Npu library 

colonies, in which all 100 were unique, 0 out of the 100 sequenced clones were demonstrated to 

be of the original vector, no clones were identified as having contained frameshift mutations (e.g. 

the addition or deletion of (a) base pair(s)), and 13 out of 100 possessed an inadvertent amber 

(TAG) stop codon in the randomised extein region. Collectively, 87 % (87 out of 100) of the 

constructed NNS-scheme CX5 SICLOPPS Npu plasmid library was estimated to encode novel 

SICLOPPS-generated cyclic peptides, thereby indicating the resulting library to be suitable and 

hence eligible for subsequent PPI inhibitor screens via on-chip encapsulations and FACS. 
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Figure 5.11. WebLogo sequence analysis of a CX5 cyclic hexapeptide SICLOPPS library. (Above) DNA logo 

map of DNA variants. (Below) Protein residue map of recovered variants. 

Despite having demonstrated good CX5 SICLOPPS library diversity via an approximation of 

bacterial transformation efficiencies and of the sequencing of a hundred library members for the 

presence of sequence duplicates (appendix 7.4), such estimation and partial sequencing methods 

provide only a superficial evaluation of library quality and hence of its molecular complexity.198 

Ideally, high-quality sequencing libraries should be representative of the original starting material, 

and reveal reads that are evenly distributed across the entire region of interest with minimal bias 

(whereby skewed readings are indicative of poor library complexity). To therefore acquire a more 

accurate estimation and quantitative evaluation of the aforementioned CX5 SICLOPPS Npu library, 

since an evaluation of sequence quality is critical to determining its eligibility for downstream 

screening purposes and to ensuring full coverage of the intended library, Next-Generation DNA 

Sequencing (NGS; with the advantage of enabling the entirety of a SICLOPPS library to be rapidly 

sequenced at once) via the Illumina MiSeq System (via the University of Southampton 

Environment Sequencing Facility, courtesy of Dr Alison Baylay) was thereafter performed on 

samples created both prior to and following FACS.198  

To achieve NGS sequence analysis, primers were designed with overhang adapter sequences to 

the locus-specific primers of the hypervariable extein sequence to be targeted (forward primer: 

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[GAAAACCTGTATTTTAAACT]-3' and reverse 

primer: 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[CCACTGCGCAACCGGCTGGG]-3’, 

whereby the bracketed sequence is complementary to the CSDuetNpuHisAβ42-GFP vector). The 

resulting NGS data acquired for samples generated both prior to and following FACS sorting of 

w/o/w droplets is presented in appendix 7.5. Interestingly, despite prior serial bacterial cell 

dilution and LB agar plating having indicated the generation of a genetically diverse CX5 SICLOPPS 
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plasmid library (in line with library diversity estimation methods as routinely employed within the 

Tavassoli lab prior to RTHS use, and previously published SICLOPPS screening protocols203) and 

prior optimisation of the resulting E. coli transformation and electroporation conditions (in line 

with findings obtained from Eliot Osher Thesis; previous Tavassoli lab PhD student) to ensuring a 

sufficiently high transformation efficiency for PPI screening applications, only 47,526 and 44,471 

unique nucleotide and 43,089 and 40,704 unique cyclic peptide sequences were registered prior 

to and following FACS, respectively, indicating an approximate 76-fold reduction in SICLOPPS 

hexapeptide library diversity from the theoretically anticipated number of unique cyclic peptide 

members (3.6 x 106). Moreover, these data are in contrast to recently published results having 

indicated an approximation of library size via dilution plating for the determination of the 

transformation efficiency of a SICLOPPS 106 lanthipeptide library (for the E. coli RTHS-mediated 

identification of PPI inhibitors between the HIV p6 protein and ubiquitin E2 variant domain of the 

human TSG101 protein) to be in line with deep sequencing results.199 Alongside, alternative 

sources have likewise indicated an approximation of library diversity via estimation of the 

transformation efficiency to be ill-suited to quantifying the complexity of a library, and thus in 

validating its eligibility for screening purposes, since complexity does not scale linearly with 

sample size.198,200 Since genetic diversity is likely lost during the transformation process (whereby 

the direct uptake and incorporation of exogenous genetic material through holes created 

temporarily within the bacterial cell membrane via the application of an electric field, and 

requiring the recipient bacteria to be in a state of competence)201,202 despite having implemented 

steps to achieve a more optimised transformation workflow.   

To overcome the aforementioned limitations of E. coli transformation on the generation of a 

SICLOPPS plasmid library comprising an adequately high complexity, and hence number of unique 

cyclic peptide members to justify downstream IVC and PPI screening use, the potential for using a 

DNA ligation-based mixture in the absence of bacterial transformation during the initial 

encapsulation of single DNA copies with TempliPhi amplification material in agarose-in-oil 

droplets (as in subsection 3.6) was next explored. Evidently, successful use of a ligation reaction 

would effectively evade the need for performing an electroporation step, during which diversity is 

likely lost. In light of this, subsequent experimentation with a 1:9 (vector:insert) ligated CX5 

SICLOPPS cyclic peptide library was, however, unexpectedly and bizarrely coincided by a 

publication from Matis et al. (2017) who reported the identification of a TX4 SICLOPPS cyclic 

peptide library inhibitor (cyclo-TAFDR) of Aβ42-GFP in E. coli BL21 (DE3) after two rounds of 

FACS.204 Considering the ability to directly inhibit the aggregation state of Aβ42 via a novel 

SICLOPPS cyclic peptide inhibitor had therefore already been performed, these findings were 

nevertheless used to provide a means for validating the high-throughput droplet microfluidics as 
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constructed herein through the FACS-based screening of the same TX4 SICLOPPS library (to verify 

its ability to yield positive cyclic peptide hits), and with use of cyclo-TAFDR as a positive control. Of 

note, the Aβ42-GFP screening format as devised and utilised within this thesis (Figure 5.8) is 

arguably more advantageous in that the simultaneous co-expression of both SICLOPPS library and 

Aβ42-GFP fusion from a single combined vector (pETDuet-1; thereby enabling the dilution of only 

a single plasmid stock for encapsulation events) is permitted, as opposed to co-transformation of 

the expression vector pETAβ42-GFP with a separate SICLOPPS plasmid library (which may 

inadvertently result in reduced plasmid uptake rates during transformation and thus of library 

complexity; an important feature not addressed by Matis et al.). 

The thereby initially verify the ability of in vitro expressed cyclo-TAFDR to inhibit the aggregation 

of Aβ42 peptide via the Aβ42-GFP fusion construct following IVTT in emulsion, vector 

CSDuetNpuHisAβ42-GFP encoding the extein TAFDR sequence (ACCGCGTTCGACCGG)204 was next 

emulsified via a JUS device alongside TempliPhi amplification machinery in QX200 agarose-in-oil 

emulsion droplets (as in subsection 3.6) and incubated overnight at 30 °C. Following extraction 

with PFO, broken agarose beads (now comprising monoclonally amplified plasmid SICLOPPS DNA) 

were next re-emulsified together with PURExpress IVTT to initiate SICLOPPS intein expression, 

splicing, cyclo-TAFDR formation, and of the inhibition of Aβ42-GFP aggregation. Final 

emulsification into a FACS amenable w/o/w double emulsion format was subsequently followed 

by analysis under 488 nm laser excitation with 530 ± 30 emission filter detection for FL1-H GFP 

visualisation. Once identified, the desired double emulsion droplet population was gated on FSC 

versus SSC plots and subsequently analysed on FL1-H (Figure 5.12); the resulting 2.1-fold increase 

(mean FL1-H = 930 a.u.; median = 859 a.u.) in FL1-H green fluorescence intensity for vector 

CSDuetNpuHisAβ42-GFP encoding the TAFDR extein, in comparison to CSDuetNpuHisAβ42-GFP 

encoding a CA5 extein control (mean FL1-H = 452 a.u.; median = 430 a.u.), is roughly in line with 

the bacterial cell screening data as presented by Matis et al. having revealed an approximate 3-

fold increase in FL1-H from that of the initial TX4 SICLOPPS library following two rounds of FACS-

based screens (Figure 5.12).204 Since Aβ42-GFP solubility and fluorescence is inversely 

proportional to Aβ42 aggregation propensity, these data collectively verify the ability of the in 

vitro ultra-high throughput droplet microfluidics systems as constructed herein to facilitate the 

expression of SICLOPPS cyclic peptides via IVC, and of the detection of assay modulation for 

subsequent sorting via FACS.  
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Figure 5.12. FACS analysis of CSDuetNpuHisAβ42-GFP IVTT encoding extein TAFDR.204 Buffer alone w/o/w 

droplet negative control represents double emulsions comprising 1X TAE buffer. IVTT alone w/o/w droplets 

represents double emulsions comprising an inner IVTT aqueous core (in the absence of DNA). Vector 

CSDuetNpuHisAβ42-GFP with a CA5 extein sequence was likewise expressed as a comparative control. 

Thereafter, a SICLOPPS TX4 cyclic peptide library in vector CSDuetNpuHisAβ42-GFP was 

constructed to facilitate the selection of Aβ42 peptide aggregation modulators via IVC and FACS. 

In implementing the use of a ligation-based mixture for the encapsulation of singly isolated 

SICLOPPS DNA copies prior to DNA pre-amplification (and to thus overcome the limitations of 

acquiring a sufficiently high E. coli transformation efficiency to ensure adequate SICLOPPS library 

coverage), a TX4 library was assembled through ligating 76.83 ng vector (6705 bp) with 38.57 ng 

insert in an optimised 1:9 vector:insert molar ratio. Following incubation at room temperature for 

2 hours, and DNA ligase heat inactivation at 70 °C for 10 minutes, ligations were dialysed prior to 

IVC against sterile molecular biology grade water using V-series drop dialysis membranes for 3 

hours to facilitate the removal of inhibitory salts. Following dialysis, the resulting 1:9 ligated DNA 

mixture was appropriately diluted and subsequently encapsulated together with TempliPhi 

amplification machinery in QX200 agarose-in-oil droplets at λ = 1.3 (71.67 % filled droplets), prior 

to re-emulsification with IVTT (incubated for 2 hours at 37 °C), and of double w/o/w emulsion 

formation for sorting via FACS.  

As demonstrated in Figure 5.13, TX4 SICLOPPS library enclosed double emulsion droplets were 

initially selected on logSSC versus logFSC flow cytometric scatterplots prior to visualisation of the 

corresponding FL1-H measurements obtained. Negative controls including (1) o/w alone and (2) 

buffer alone w/o/w double emulsion samples yielded expectedly low levels of background 
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fluorescence (negative droplet population); samples comprising PURExpress IVTT 

transcription/translational machinery resulted conversely in an increase in FL1-H (similar to that 

of Figure 5.12, and observed frequently throughout FACS experimentation and assay repeats with 

IVTT encapsulation) that is characteristic of the enclosed PURExpress system components. Of 

note, analysis of the green fluorescence intensity of isolated double emulsion droplets comprising 

in vitro generated TX4 SICLOPPS cyclic peptide library revealed a distinct right-shifted FL1-H 

shoulder, representing an approximate 13.10 % of the original double emulsion population, above 

IVTT w/o/w samples alone (and thereby indicative of a population of potentially active cyclic 

peptide modulators of Aβ42 aggregation; Figure 5.13). To definitively assess the resulting TX4 

SICLOPPS library post-FACS via NGS, double emulsions were gated on FL1-H beyond buffer alone 

w/o/w droplets to ensure the recovery of all IVTT-containing agarose bead samples, and 

thereafter sorted via a 100 µm FACS Aria II cell sorter nozzle at rates ranging 3,000 to 6,000 

events per second (Hz). Following NGS analysis (appendix 7.6), a total of 147,351 and 140,046 

unique pentapeptide sequences (alongside 440,070 and 394,139 unique nucleotide sequences) 

were registered both prior to and following FACS, respectively; despite these readings indicating 

the presence of a 4.96 % and 10.44 % reduction in amino acid and nucleotide sequence members, 

respectively, post-sorting from the theoretically anticipated number of unique cyclic peptide 

members (160,000 for a TX4 SICLOPPS library), these results are nevertheless more favourable 

than of the 76-fold reduction in CX5 SICLOPPS cyclic peptide library members following purified 

plasmid library generation. Collectively, the resulting appendix 7.6 TX4 NGS data is nevertheless 

indicative of a library with an adequately high sequence diversity (reflective of the probability of 

finding a cyclic peptide against a given PPI of sufficiently high affinity) and almost complete 

coverage, to permit downstream IVC screening applications with FACS. 
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Figure 5.13. IVC and FACS screening of a TX4 SICLOPPS library in double emulsion droplets. (A) SSC versus 

FSC log-log density plots demonstrating double emulsion (gated) and unoccupied droplet populations. (B) 

FL1-H histograms; percentage positive candidates (approximately 13.1 %, on TX4 library trace (red)) and 

negative non-GFP fluorescent population (approximately 86.9 %). 

 

To thereby facilitate the identification of novel TX4 SICLOPPS-derived cyclic peptide hit candidates 

via iterative rounds of IVC and FACS against Aβ42 aggregation in vitro, recovered library 

sequences were thereafter demulsified via the application of PFO, and subjected to PCR 

amplification of MCS1 (encoding the TX4 extein sequence) to permit library re-ligation into vector 

CSDuetNpuHisAβ42-GFP via an optimised 1:9 vector:insert molar ratio. Upon FACS analysis, 

subsequent selection gates were placed on FL1-H following the application of a double emulsion 

gate on logSSC versus logFSC plots (Figure 5.14A), and a minimum of two enrichment rounds 

employed during all subsequent TX4 SICLOPPS library screens (in line with Matis et al. having 

implemented two rounds of E. coli-based cell selections for the identification of modulatory cyclic 

peptide hits; Figure 5.14B).204 As demonstrated, IVC of the aforementioned TX4 SICLOPPS ligation-

based library resulted in the generation of increased levels of right-shifted GFP fluorescence on 

FL1-H for all FACS enrichment rounds performed, whereby the initial library was observed to 

exhibit a mean fluorescence of 431 RFU (median = 1102), round 1 exhibiting 661 RFU (median = 

972), round 2 = 1237 RFU (median = 1804), and round 3 = 1326 RFU (median = 2163). Accordingly, 

the resulting 3.08-fold increase in mean FL1-H from round 3 when compared against that of the 

initial TX4 SICLOPPS library is evidently indicative of a population pool comprising potential hit 

pentameric cyclic peptide modulators with the ability to influence the aggregation state of Aβ42. 

Moreover, this 3.08-fold increase in FL1-H is likewise in line with observations from Matis et al. 

having reported an almost 3-fold increase in bacterial population fluorescence when compared 
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against that of the initial library).204 Since IVC allows for the straightforward linking of genotype to 

phenotype, sorted samples at each stage of IVC and FACS were subsequently analysed via NGS. 

 

Figure 5.14. FACS screening of a CSDuetNpuHisAβ42-GFP vector TX4 library. (A) SSC versus FSC log-log 

scatterplots of emulsified samples. Occupied (double emulsion) and unoccupied (single emulsion) samples 

can be clearly distinguished. (B) FL1-H green fluorescence intensity histograms of double emulsion IVC 

droplets following subsequent rounds of library enrichment. 

For NGS sequence analysis, the =COUNTIF excel function was utilised to allow for the 

identification of cyclic pentapeptide nucleotide sequences exhibiting the greatest frequency 

within each FACS enrichment round. Accordingly, a total of 3748 and 688 unique nucleotide 

sequences, representing 3650 and 679 unique peptide sequences, were identified following two 

and three rounds of FACS, respectively. Of these selected sequences, the top 10 of enrichment 

round two yielded cyclic peptides comprising a minimum of two stop codon sequences (top hit = 

T*S*G, 113 sequence frequency, TAG stop codon), whilst enrichment round three yielded T*L*G 

as the top pentapeptide hit (15 sequence frequency, TAG stop codon). Although the premature 

termination of cyclic peptide translation would theoretically predict the observation of reduced 

levels of GFP fluorescence, as opposed to enhanced, these results are somewhat in line with those 

previously observed upon performing an Aβ42-GFP screen with vector CSDuetNpuHisAβ42-GFP in 

BL21(DE3) E. coli. Here, a colony-lift transfer technique was employed to delay the onset of 

protein induction (via IPTG) and hence peptide aggregation along with the inhibition of cell 

growth to until the formation of sizable colonies had been achieved. Specifically, 

CSDuetNpuSsrAβ42-GFP constructs comprising a CX5 SICLOPPS cyclic peptide library were 

electroporated into BL21(DE3) E. coli cells; the greatest total diversity of the Npu library (as 

measured by counting the number of independent transformants by serial dilution) was 

calculated to be 6 x 107 independent members. Thereafter, the remaining library was plated onto 

101 102 103 104

Green fluorescnce intensity (a.u.)

0

20

40

60

80

100

N
or

m
al

is
ed

 T
o 

M
od

e

Buffer w/o/w
O/w emulsion
IVTT alone
Library
Round 1
Round 2
Round 3

104 105

Forward scatter

103

104

105

Si
de

 s
ca

tte
r

A B

Double emulsions
27.2 %



Chapter 5 

130 

individual 120 x 120 mm (length x width) square petri dishes overlaid with a nitrocellulose 

membrane, and incubated at 37 °C overnight. Following incubation, membranes were transferred 

to fresh LB agar plates supplemented with 50 µM IPTG with 100 µg/mL carbenicillin and incubated 

for a further 3 hours to induce protein expression. To facilitate the visual detection of GFP positive 

colonies, samples were thereafter irradiated with 460 – 470 nm light to mediate the visualisation 

of colonies displaying the greatest levels of GFP fluorescence emission at 516 nm. Although the 

described selection technique allowed for the isolation of eight highly fluorescent and 

phenotypically green hits, these colonies nevertheless displayed premature stop codons with 

unexpected homologous recombination at the post-translational level between the first several 

residues of the Npu C-intein of MCS1 and MCS2 contained Aβ42-GFP fusion (false positives; a 

feature of screening in cells that further highlights the benefits to transitioning toward an in vitro-

based format for SICLOPPS cyclic peptide library screens). Nonetheless, the aforementioned IVC 

and FACS-based ultra-high throughput methodology as described within this thesis effectively 

eliminates the onset of complications including homologous recombination and/or intein-induced 

toxicity by providing an in vitro system within which the SICLOPPS library is expressed. 

Collectively, in illustrating the feasibility through which a genotypically diverse TX4 SICLOPPS cyclic 

peptide library may be created via a two-step PCR-based methodology, screened via IVC and FACS 

at rates ranging 3,000 to 6,000 Hz, and isolated via SSC versus FSC and FL1-H population gating for 

the selective recovery of desirable and phenotypically fluorescent green traits, the ultra-high 

throughput droplet microfluidics as described herein was shown to facilitate iterative rounds of 

FACS-based screening against the Aβ42-GFP peptide aggregation assay using SICLOPPS, and has 

the potential to be implemented alongside other PPI screening and drug discovery applications.  

5.5 Conclusion 

In initially verifying the ability of the Npu SICLOPPS inteins to splice in vitro under PURExpress IVTT 

system control, two new Npu-based SICLOPPS pETDuet-1 vectors (CSDuetNpuFLAG and 

CSDuetNpuFLAG-CBD) were constructed to facilitate the detection of spliced intein qualitatively 

via band observations on 15 % SDS-PAGE (subsection 5.2). Although detection of FLAG-tagged C-

intein (5.63 kDa) via anti-FLAG tag antibody application was unsuccessful via Western 

immunoblotting analysis, distinct N-intein detection (as mediated via the application of anti-CBD 

antibody use) was evidently revealed (at 12.03 kDa and 17.95 kDa, respectively) and that likewise 

verified vector CSDuetNpuFLAG-CBD via quantitative ImageJ analysis to splice more efficiently 

than of that of its of non-FLAG tagged vector counterpart (CSDuetNpu-CBD).  

Although intein detection may be used to visually assess the presence of SICLOPPS splicing events, 

the ability to yield cyclic peptide under emulsified IVTT was unable to be definitively verified, 
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since C-intein could not be qualitatively detected via 15 % SDS-PAGE and Western immunoblot 

analysis under each of the aforementioned experimental conditions. To thereby prove the onset 

of Npu SICLOPPS generated cyclic peptide production in vitro prior to downstream IVC and FACS, 

MS analysis of PURExpress system generated cyclo-CLLFVY (HIF-1α/HIF-1β PPI184) revealed distinct 

[M + H]+ (739.39) and [M + Na]+ (761.37) peaks corresponding to that of the encoded CLLFVY 

sequence under bulk, emulsified, and post-FACS experimental conditions, collectively highlighting 

the ability of SICLOPPS to splice in vitro and of its suitability for IVC (subsection 5.3). 

Although CX5 SICLOPPS plasmid library construction (comprising 3.6 x 106 unique theoretical cyclic 

peptide members) for femtodroplet compartmentalisation revealed an inadvertent 76-fold 

reduction in SICLOPPS cyclic peptide sequence diversity, likely lost during the E. coli bacterial 

electroporation stage despite use of the well-established diversity approximation calculations as 

determined through estimation of the cell transformation efficiency (as commonly and previously 

used within the Tavassoli lab), a TX4 SICLOPPS library for screening against the Aβ42-GFP fusion 

aggregation assay was alternatively constructed in line with recent publication (Matis et al.). In 

pre- and post-sorting for all double emulsion droplets comprising IVTT, a diverse TX4 SICLOPPS 

library comprising 440,070 and 394,139 unique nucleotide sequences, respectively, as determined 

via NGS was obtained and subsequently utilised to achieve three iterative rounds of FACS. 

Although a proportion of the selected cyclic peptide hits following isolation and sample 

purification from each FACS-mediated enrichment stage contained multiple stop TAG codon 

repeats, further research aimed at deciphering the activity of the top selected pentameric TX4 

SICLOPPS cyclic peptide hits is currently ongoing. Collectively, having designed, constructed, and 

optimised the ultra-high throughput droplet microfluidics platform as described herein through 

chapters 1 to 4, this chapter has demonstrated the feasibility of combining droplet microfluidics 

with a TX4 SICLOPPS cyclic peptide library via IVC, and Aβ42-GFP fusion assay screen via FACS, in 

the detection and enrichment of desirable phenotypic GFP traits and of the downstream selection 

of potential pentameric rescuers of disease-associated protein misfolding. 
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Chapter 6 Conclusions and outlook 

In chapter 2, the ability to perform complex microfluidic operations and manipulations at the 

femtolitre scale was achieved through use of an in-house built and fully programmable DIY 

microfluidic set-up, comprising independently operated infusion-only syringe pumps and 3D 

modelled electronic microscope. In overcoming the limitations of costly and/or complex albeit 

highly sophisticated commercial tools, the facile production of highly monodisperse aqueous 

femtodroplets with a C.V. ranging 2.64 % to 5.99 % (to facilitate droplet volume consistency and 

hence quantitative and comparative analysis between samples) and rates ranging 8.76 kHz up to 

61.35 kHz (equating to 3.07 x 107 and 2.21 x 108 droplets per hour) to collectively allow for full 

coverage over the commonly employed CX5 SICLOPPS cyclic peptides library during downstream 

screening applications. Thereafter, the ability to yield highly monodisperse double emulsion 

droplets via a two-chip methodology at experimentally verified mean diameters of 16 µm and 26 

µm (2.1 pL and 9.2 pL, respectively, that are approximately two orders of magnitude smaller than 

of those typically employed and reported in the literature at 83.5 µm to 200 µm) further 

highlights the ultra-high throughput utility of the system as detailed herein, and of its ability to 

facilitate the rapid assaying of large genetically encoded library members. 

In utilising the methodologies as established in chapter 2, the feasibility through which highly 

monodisperse femtolitre-sized agarose-in-oil droplets may be created for the isolated 

encapsulation of single SICLOPPS plasmid copies via vector CSDuetNpuHisGFP (as determined 

through Poisson statistics) prior to efficient single-step TempliPhi-mediated pre-DNA amplification 

at λ = 30 to λ = 0.03, was collectively demonstrated in chapter 3 (and which is advantageous over 

existing ePCR methodologies that may inadvertently induce droplet coalescence during 

thermocycling). Despite encountering numerous agarose-in-oil droplet encapsulation challenges, 

predominantly of an inability to maintain DNA-contained ultra-low gelling temperature type IX-A 

agarose solutions in a liquid state to permit stable monodisperse droplet formation, use of an 

effective and simple electrical heating appliance (yet to be reported in the literature) was 

assembled and secured tightly around the agarose enclosed syringe to prevent premature 

solidification on-chip. Collectively, the agarose beads as generated herein were demonstrated to 

represent a structurally stable and robust encapsulation platform for the co-

compartmentalisation of plasmid SICLOPPS DNA with TempliPhi amplification components, and to 

simultaneously permit the generation of highly concentrated DNA yields (2.30 µg/µL following 16 

hour incubation, representing a 39.64-fold increase when compared with previously reported 58 

ng/µL yields).150 
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Thereafter, encapsulation of the aforementioned femtolitre-sized agarose beads comprising 

clonally amplified template plasmid DNA were used for the in vitro-mediated expression of 

SICLOPPS cyclic peptide genes via IVC and to facilitate co-expression with GFP (chapter 4; via 

vector CSDuetNpuHisGFP, and effectively bypassing the need for highly technical droplet-droplet 

merging techniques that are inadvertently disadvantaged by incompatibilities between the DNA 

amplification and IVTT conditions required). In achieving this, optimal IVTT encapsulation 

conditions including QX200 (presenting a more cost-effective alternative to EA/HFE-7500 

oil/surfactant formulations) and 20 % percoll use (previously not noted in existing literature to 

enhance IVTT, and exhibiting the ability to significantly improve protein expression levels over 5 % 

BSA) were identified via polydisperse emulsification to represent key components for 

implementation during SICLOPPS IVC screens. Alongside, a novel and previously unreported Texas 

Red C2-dichlorotriazine dye agarose staining procedure (for the elucidation of an agarose scaffold 

for microfluidic purposes) was devised and presented as an efficient technique to optimising bead 

encapsulation efficiencies prior to IVC (however, agarose beads should be introduced at a 

sufficiently dilute concentration to avoid on-chip blockage). Collectively, the feasibility through 

which single porous femtolitre-sized agarose beads comprising monoclonally amplified SICLOPPS 

plasmid DNA may be used for the efficient in vitro-mediated expression of key targeted genes, 

and of their wide-spread potential for application in various high-throughput FACS-based 

screening assays, is effectively demonstrated herein. 

Finally, chapter 5 details the integration of a TX4 160,000-membered SICLOPPS cyclic peptide 

library in the described ultra-high throughput droplet microfluidics screening platform to achieve 

the FACS-based selection of potential cyclic peptide hits based on the identification of right-

shifted GFP fluorescence. Despite initial unsuccessful attempts to creating a sufficiently complex 

CX4 SICLOPPS plasmid library (as determined by NGS analysis) comprising close to the theoretically 

anticipated total of 3.2 x 106 unique members, and due likely to the need to perform an 

electroporative E. coli (DH5α) transformation step prior to plasmid library purification, a TX4 

SICLOPPS library for screening against the Aβ42-GFP fusion aggregation assay was alternatively 

constructed in line with recent publication (Matis et al.). Despite a noticeable proportion of FACS-

isolated cyclic peptides (sorted at rates ranging 3,000 to 6,000 Hz, and  representing an 

approximate throughput of 2.16 x 107 droplets per hour in comparison to automated robotic 

facilities at 105 per day and traditional cell and agar plate based methods at a couple hundred 

library members per day5) having been found to comprise stop TAG codon repeats, peptide 

truncation can, in some cases, facilitate an increase in targeting binding affinity when compared 

against the parental peptide (e.g. 3 to 8 fold increased affinity from a parental 12-mer peptide to 

a pentapeptide against Cbl tyrosine kinase binding domain205). Nevertheless, further research 
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aimed at deciphering the top selected pentameric TX4 cyclic peptide sequences is currently 

ongoing, and will look to implement assays aimed at verifying the extent of cyclic peptide 

inhibition of disease-associated Aβ42 misfolding (e.g. Thioflavin-T assay). 

As an alternative to single vector SICLOPPS library and targeted protein dual gene expression (via 

pETDuet-1), the use of two separate plasmids (whereby one encodes the desired SICLOPPS library, 

and the other the targeted PPI204) or of the encapsulation of SICLOPPS plasmid libraries with the 

purified target protein for modulation, represent two potential avenues for future investigation. 

Nevertheless, the work presented within this thesis collectively details the optimisation and step-

by-step construction of a fully functional ultra-high throughput screening platform for 

complexation with Npu SICLOPPS cyclic peptide libraries alongside IVC and FACS. This droplet 

microfluidics approach is both straightforward and highly adaptable, providing a practicable 

strategy for the discovery of novel cyclic peptide modulators of targeted PPIs that may not be 

amenable to traditional cell-based screening platform (e.g. due to intein or targeted protein-

induced host toxicity). Collectively, the ability to rapidly explore the uncharted biochemical space 

of a SICLOPPS library in its entirety via the in vitro-based lead discovery system as constructed and 

presented herein opens new avenues for the prompt identification of novel modulatory 

structures against a broad range of targeted PPIs, and of its application as a valuable tool in drug 

discovery, development, and beyond. 
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Chapter 7 Materials and methods 

7.1 Materials  

The materials used were purchased from Sigma Aldrich/Fisher Scientific unless otherwise noted. 

Smooth-Case 310 for polyurethane device mould generated was purchased from Bently Advanced 

Materials. QX200 droplet generation oil was purchased from BioRad.   

7.2 Droplet microfluidics 

7.2.1 Polyurethane device replica mould generation 

A PDMS replica of the desired micropattern was prepared for use as a device master mould via 

Smooth-Case 310 (Bentley Advanced Materials). To achieve this, double-sided tape was applied to 

the non-patterned side of the device to be replicated, and secured into a silicone/PDMS mould 

with the microstructures facing upwards prior to degassing in a desiccator for 10 minutes. A 50 

mL falcon was filled with 25 mL bottle A and 25 mL bottle B (fume hood). Both solutions were 

mixed vigorously for 2 minutes, and poured into the silicon/PDMS mould comprising the to-be 

replicated PDMS device. The resulting polyurethane resin was degassed for a further 10 minutes, 

and placed in a fume cupboard for curing overnight at room temperature. Post-cure, replica 

moulds were further cured at 60 °C for 4 – 6 hours, and subsequently cooled to room 

temperature. The replicated PDMS master was removed through cutting along its edges, and re-

filled with PDMS.  

7.2.2 PDMS microfluidic device fabrication 

All microfluidic devices used for monodisperse droplet formation were generated using soft 

lithographic techniques. The master polyurethane mould was cleaned using compressed nitrogen 

gas prior to coating with a mixture of PDMS (Slygard 184) and curing agent in a 10:1 ratio (w/w). 

After degassing and curing at 60 °C (>6 hours), PDMS devices were removed from the master, 

devices individually cut with an aluminium blade, and holes for tubing connections created via a 

biopsy punch (0.1 cm diameter). All devices and glass slides were cleaned thoroughly by 

compressed nitrogen gas before storing within a rounded petri dish or 50 mL falcon (lengthwise), 

respectively, prior to use. Punched PDMS devices were next bonded to the desired glass slide by 

treating with oxygen plasma (Diener Femto plasma asher) for 30 seconds. Thereafter, devices 

were placed patterned side down on each glass slide to ensure a good bonding strength; uniform 
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pressure was applied directly for approximately 10 seconds. Devices were baked at 80 °C for 10 

min to improve the bonding strength.  

For the fabrication of hydrophobic devices, surfaces were coated with a hydrophobic surface 

agent trichloro (1H, 1H, 2H, 2H, perfuorooctyl) silane in fluorinated oil HFE-7500 (1 % v/v, 3M) for 

10 min prior to washing with HFE-7500. Thereafter, inlet and outlet ports were sealed with scotch 

tape. 

For the fabrication of hydrophilic chips, surfaces were coated with polyelectrolytes after oxygen 

plasma treatment. Activated chips were initially flushed with a polycation solution 

(poly(diallyldimethylammonium chloride), 2 mg/mL in 0.5 NaCl) and incubated at room 

temperature for 10 minutes. After washing each device twice with deionised water, a polyanion 

solution (poly(styrene sulfonate), 2 mg/mL in 0.5 M NaCl) was applied and likewise incubated at 

room temperature for a further 10 minutes. Devices were washed a final time with deionised 

water and sealed with scotch tape to prevent channel drying and salt crystal deposition.60 

7.2.3 Single and double emulsion microfluidic device operation 

Single femtoliter-sized w/o droplets were generated using a JUS device comprising a double 

aqueous inlet flow-focusing junction.75 Here, devices were connected via polythene tubing (0.38 

mm inner diameter, 1.09 mm outer diameter, Smiths Medical) to glass SGE syringes (100 µL for 

aqueous phase solutions and 250 µL for continuous oil/surfactant phase solutions) and driven by 

the aforementioned DIY syringe pumps (subsection 2.2). Droplet formation was monitored via a 

standard laptop and PS Eye camera. For single agarose-in-oil droplet formation for isothermal 

TempliPhi pre-DNA amplification, aqueous and continuous phase solutions were injected at a rate 

of 10 µL/h and 30 µL/h, respectively. 

For monodisperse agarose bead-in-IVTT-in-oil droplet generation, a hydrophobic 15 x 16 µm 

single aqueous inlet flow-focusing junction device was used. Samples comprising DNA filled 

agarose beads with IVTT were injected alongside QX200 droplet generation oil at rates of 50 µL/h 

and 60 µL/h, respectively.  

For monodisperse w/o/w double emulsion droplet generation, a hydrophilic 25 x 30 µm double 

aqueous inlet flow-focusing junction device was used. The aqueous continuous phase comprised 

Tween 80 (1 %, w/w) in 150 mM NaCl, whilst the spacer phase comprised FC-40 (3M). For 

injection, emulsion samples were drawn into a 100 µL SGE glass syringe below a layer of mineral 

oil (Sigma, to reduce syringe needle dead space), and then followed by a thin layer of FC-40. The 

emulsion was held upright for 10 minutes to allow for the formation of a compact intermediate 
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layer of emulsion prior to device injection. Flow rates were optimised to ensure the formation of 

singly occupied double emulsions. 

7.2.4 Brightfield image analysis using ImageJ 

For brightfield droplet image analysis, a calibration scale was initially imported and a line of 

known length drawn across a micrometre image. A 100 µm scale bar was set through functions 

“Analyse > Set Scale” whereby the known distance of 100 µm was input, along with the unit of 

length (microns), and with ticking of the “Global” option. Global ensures that the scale defined in 

the aforementioned dialog is used for all opened images during the current session instead of just 

the active image alone. 

An 8-bit brightfield image was imported into ImageJ, smoothed and duplicated. A threshold was 

applied prior to applying a despeckling median filter twice to remove salt and pepper noise from 

images. Outliers were removed (e.g. a radius of 5 pixels) prior to particles analysis. A minimum 

circularity of 0.8 was set (therefore particles with a size circularity value outside the range 0.8 to 

infinity are ignored) along with a size of 100 to infinity (although this is dependent on the image 

used; pixel units was not ticked) – here, particles with a given size (area) outside of the range 

specified i.e. smaller, 100 to infinity are ignored, values expressed as physical size square units 

(not pixels). The exclude on edges option was included for all analysis. Circularity 

(4𝜋	𝑥	 \]R^
_R]`ORaR]b

)	ranges from 0 (infinitely elongated polygon) to 1 (perfect circle). 

7.2.5 Image analysis of fluorescent imagery using ImageJ 

For microscopy imaging, samples were pipetted into a re-usable PDMS droplet chamber and 

examined using an Olympus CKX41 inverted microscope for brightfield and fluorescence imagery. 

Images were captured using a QIClick CCD camera attached to the microscope and controlled 

using Qcapture software. Exposure times were kept constant during individual experiments with 

the exception of those for fluorescent images, which were varied to avoid overexposure during 

the imaging process. Fluorescent and brightfield images were saved as 8-bit files and processed 

with the ImageJ “Analyse Particles” function. Analysis provides access to measure of droplet area 

as well as minimum, maximum and mean fluorescence from each droplet. The data obtained from 

multiple photographs were combined for each experiment; images were additionally analysed 

using a custom-made macro, for which similar results were obtained. Images were imported into 

ImageJ, converted to a 32-bit format, smoothed, duplicated, thresholded, and droplets analysed 

as detailed in subsection 7.3.1.  
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7.2.6 OpenSCAD code for DIY microscope construction 

OpenScad open-source software was utilised for the modelling of an electronic optical 

microfluidics rig for droplet generation. It should be noted that OpenScad is not graphical; 3D 

models are created via the addition and subtraction of primitives to achieve a desired shape. In 

addition, it supports the generation and extrusion of polygons and polylines, and thus can be used 

for the creation of complex shapes. The underlying script utilised herein is based upon C++, and 

therefore only a few methods are required to yield complex 3D designs. The resulting scripts are 

parametric in design, in which the final model schematics can be easily altered through the 

changing of several key dimensions. For instance, the optical microfluidic rig can be altered to 

accommodate alternative cameras or screws.113 The resulting script written for the generation of 

a 3D printable and laser cut inverted electronic microscope is presented below: 

 
1. //Microscopy stage created by Catrin Sohrabi 2015   
2. //Base stage    
3. //projection(cut=true)    
4. difference()     
5. {     
6. minkowski()     
7. {    
8. translate([5,0,0])     
9. cube([110, 120, 5], center=true); //stage base    
10. cylinder(r=5,h=1, $fn=50);     
11. }    
12. translate ([55,55,0])     
13. cylinder(r=5, h=10, $fa=1, $fs=0.1); //1st 10mm magnet hole     
14. translate ([55,-55,0])     
15. cylinder(r=5, h=10, $fa=1, $fs=0.1); //2nd 10mm magnet hole     
16. translate ([-45,0,0])     
17. cylinder(r=5, h=10, $fa=1, $fs=0.1); //3rd 10mm magnet hole     
18. translate ([-45,50,-5])    
19. cylinder(r=3, h=20, $fn=50); //M3 screw    
20. translate ([-45,-50,-5])    
21. cylinder(r=3, h=20, $fn=50); //M3 screw   
22. translate ([55,0,-5])    
23. cylinder(r=3, h=20, $fn=50); //M3 screw   
24.     hull()    
25. {        
26. minkowski()        
27. {     
28. translate([-13.5,0,5])    
29. cube([30,75,10], center=true); //PSeye camera hold            
30. cylinder(r=5,h=1, $fn=50);         
31. }        
32. minkowski()        
33. {     
34. translate([11.5,0,5]) cube([20,35,10], center=true);            
35. cylinder(r=5,h=1, $fn=50);    
36. }   
37. }            
38. translate ([12,-20,-5])     
39. cylinder(r=2, h=20, $fa=1, $fs=0.1);     
40. translate ([12,20,-5])     
41. cylinder(r=2, h=20, $fa=1, $fs=0.1);                
42. }    
43. //Middle stage    
44. difference()    
45. {       
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46. minkowski()     
47. {    
48. translate([5,0,20])     
49. cube([110, 120, 5], center=true);    
50. //middle stage    
51. cylinder(r=5,h=1, $fn=50);     
52. }     
53. hull()    
54. {        
55. minkowski()        
56. {     
57. translate([-13.5,0,20])    
58. cube([30,75,10], center=true);    
59. //PSeye camera cut-out            
60. cylinder(r=5,h=1, $fn=50);         
61. }        
62. minkowski()        
63. {     
64. translate([11.5,0,20])    
65. cube([20,35,10], center=true);            
66. cylinder(r=5,h=1, $fn=50);    
67. }            
68. }       
69. translate ([-45,50,15])    
70. cylinder(r=3, h=20, $fn=50); //M3 screw    
71. translate ([-45,-50,15])    
72. cylinder(r=3, h=20, $fn=50); //M3 screw             
73. translate ([55,0,15])    
74. cylinder(r=3, h=20, $fn=50); //M3 screw                     
75. translate ([55,55,15])     
76. cylinder(r=3.1, h=10, $fa=1, $fs=0.1); //1st 6.2mm stage adjustment hole  trans

late ([55,-55,15])     
77. cylinder(r=3.1, h=10, $fa=1, $fs=0.1); //2nd 6.2mm stage adjustment hole  trans

late ([-45,0,15])     
78. cylinder(r=3.1, h=10, $fa=1, $fs=0.1); //3rd 6.2mm stage adjustment hole     
79. }    
80. //Upper stage     
81. difference()     
82. {     
83. minkowski()     
84. {     
85. translate ([5,0,50])     
86. cube([110,120,5], r=50, center=true);     
87. cylinder(r=5,h=1, $fn=50);    
88. //upper stage     
89. }    
90. translate ([55,-55,40])     
91. cylinder(r=4.75, h=20, $fa=1, $fs=0.1); //1st stage adjustment hole     
92. translate ([55,55,40])     
93. cylinder(r=4.75, h=20, $fa=1, $fs=0.1); //2nd stage adjustment hole     
94. translate ([-45,0,40])     
95. cylinder(r=4.75, h=20, $fa=1, $fs=0.1); //3rd stage adjustment hole    
96. translate ([55,10,40])    
97. cylinder(r=3, h=20, $fn=50); //M3 screw    
98. translate ([55,-10,40])    
99. cylinder(r=3, h=20, $fn=50); //M3 screw   
100. translate ([15,0,40]) //microscope hole          
101. cylinder(r=15, h=20, $fn=50);   
102. translate ([-30,0,40])     
103. cylinder(r=1.5, h=20, $fa=1, $fs=0.1); //x-y stage hold    
104. translate ([-30,-17.5,40])     
105. cylinder(r=1.5, h=20, $fa=1, $fs=0.1); //x-y stage hold    
106. translate ([-30,17.5,40])     
107. cylinder(r=1.5, h=20, $fa=1, $fs=0.1); //x-y stage hold      
108.      
109. //text customization if required        
110. translate ([30,50,45]) rotate ([0,0,180])        
111. linear_extrude(12) text("", size=8, center=true); //enter text between ""  
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112. }    
113. //Light source hold    
114. {        
115. translate ([55,10,50])    
116. color("lightgrey") cylinder(r=3, h=70, $fn=50); //M3 screw    
117. translate ([55,-10,50])    
118. color("lightgrey") cylinder(r=3, h=70, $fn=50); //M3 screw        
119. }    
120. difference()    
121. {        
122. hull()        
123. {        
124. minkowski()        
125. {            
126. translate([45,0,116])            
127. cube([35,30,5], center=true);   
128. cylinder(r=3,h=1, $fn=50);        
129. }        
130. translate ([15,0,116])          
131. cylinder(r=17, h=5, $fn=50); //extending light holder }         
132. translate ([55,10,115])    
133. cylinder(r=3, h=20, $fn=50); //M3 pole    
134. translate ([55,-10,115])    
135. cylinder(r=3, h=20, $fn=50); //M3 pole   
136. translate([15,0,110])    
137. cylinder(r=9, h=15); //LED light hole   
138. translate ([15,-12,110])     
139. cylinder(r=1.5, h=20, $fa=1, $fs=0.1);//top secure screws      
140. translate ([15,+12,110])     
141. cylinder(r=1.5, h=20, $fa=1, $fs=0.1);//top secure screws        
142. }       
143. difference()    
144. {        
145. translate([15,0,125]) cylinder(r=15, h=3); //LED light hole top secure     

       
146. translate ([15,-

12,110])  cylinder(r=1.5, h=20, $fa=1, $fs=0.1);//top secure screws         
147. translate ([15,+12,110])     
148. cylinder(r=1.5, h=20, $fa=1, $fs=0.1);//top secure screws         
149. }   

Table 7.1. OpenScad code for the construction of a miniaturised microscope. 

7.2.7 Monodisperse and polydisperse agarose-in-oil droplet formation 

Microfluidic devices were connected to in house built syringe pumps via tubing. A solution of 2 % 

ultra-low gelling temperature type IX-A agarose (Sigma) was loaded into a 100 µm glass syringe 

whilst 1X TAE buffer into a second glass syringe. To form agarose beads, a batch volume of 

typically 200 µL 2 % agarose was prepared from 66.7 µL 6 % ultra-low gelling temperature type IX-

A agarose (Sigma) dissolved in 1X TAE buffer and pre-warmed on a heat block at 40 °C. Agarose 

and TAE solutions were injected simultaneously into the microfluidic device together with HFE-

7500 containing 5 % JUS surfactant to prevent bubble formation. Emulsions were collected at 4 °C 

in an Eppendorf tube containing 100 µL mineral oil, and subsequently incubated on ice for a 

further ~10 minutes. Agarose particles were obtained by breaking the emulsion with PFO and 

transferring the particles into deionised water prior to flow cytometric analysis via a BD C6 Flow 



Chapter 7 

143 

Cytometer. For polydisperse agarose droplets, a 10 µm filter pipette tips with sample vortexing 

was used to emulsify agarose with oil/surfactant samples. 

7.2.8 Analysis of one-dimensional electrophoretic gels using ImageJ 

ImageJ was used to analyse one-dimensional electrophoretic gels using commands to generate a 

simple graphical method for measuring peak areas (i.e. definite integrals) using the “Wand tool”. 

Note this technique cannot be used to compare bands on different gels unless gels are calibrated 

to known standards. A rectangular selection was used to outline the first lane (marker) using the 

“Analyse > Gels > Select first lane” function, after which subsequent selections were made 

through moving the rectangular ROI to adjacent lanes (“Gels > Select next lane”). Note that all 

selections must have identical dimensions. Lane profiles plots were generated through using the 

“Gels > Plot lanes” function and base lines drawn using the “Straight line selection tool” to ensure 

that each peak of interest defines a closed area. Peak intensities were measured though selecting 

the inside of each peak with the “Wand” tool, after which their corresponding relative intensities 

are provided. 

7.2.9 Isothermal DNA amplification in bulk reaction 

For the initial generation of a dsDNA vector standard curve, known quantities of plasmid DNA was 

added to a 0.2 µL PCR tube. Serial dilutions were performed from 1000 ng down to 0.153 ng. This 

was made up to 100 µL in 1X Tris-EDTA buffer (TE buffer; QuantiFluor ONE dsDNA System, 

Promega). 100 µL QuantiFluor ONE dsDNA dye was applied to a well of a 96 well black microtiter 

plate. DNA solutions were simultaneous applied to the dsDNA dye using a multichannel pipettor, 

and mixed thoroughly via pipetting. Assays were incubated at room temperature for 5 minutes, 

and protected from light through covering in aluminium foil. Fluorescence was measured at 490 

nm excitation and 531 nm emission. Reactions were prepared in triplets and an average value 

plotted with GraphPad Prism.  

The TempliPhi DNA Amplification Kit (GE) uses a isothermal DNA amplification to prepare 

microgram quantities of dsDNA from nanogram or less quantities of starting material. 

Accordingly, for the Phi29 DNA polymerase mediated amplification of plasmid DNA in bulk 

reaction, 10 ng of DNA (<0.5 µL) was dispensed into 5 µL sample buffer. Samples were denatured 

at 95 °C for 3 minutes, and cooled to 4 °C on ice for 2 – 5 minutes. The TempliPhi premixed was 

prepared by adding 5 µL reaction buffer and 0.2 µL enzyme mix to the denatured sample on ice. 

Reactions were made up to 15 µL in either deionised water (control) or agarose (2 % final 

concentration). Reactions were incubated on ice for 2 min and finally at 30 °C for 0 – 16 h. 
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Reactions were made up to 100 µL in 1X TE buffer before adding 100 µL dsDNA dye. Fluorescence 

was measured at 490 nm excitation and 531 nm emission. Reactions were prepared in triplets and 

an average value plotted with GraphPad Prism. 

7.2.10 Electrical heating pad for monodisperse agarose-in-oil droplet formation 

A polyimide insulated 10 cm x 5 cm electric heating pad (Pimoroni) was purchased and connected 

to a standard USB cable via soldering to generate a mobile and highly flexible electrical heating 

system. Connection to a laptop USB Drive with 5 V input permits heating to approximately 40 °C; a 

maximum temperature of 110 °C is attainable provided an input voltage of 12 V and 1.33 A is 

supplied via a power adaptor cable. 

7.2.11 IVTT of GFP using the PURExpress system in polydisperse droplets 

To determine suitable conditions for PURExpress IVTT system (NEB) mediated protein expression, 

IVTT components were encapsulated alongside the CSDuetNpuHisGFP vector within polydisperse 

w/o droplets. To determine the optimal BSA concentration, standard PURExpress IVTT reactions 

(25 µL) were assembled according to the manufacturer's instructions. Thereafter, reactions were 

supplemented with BSA at a concentration of either 0, 1, 3 or 5 mg/mL from a 200 mg/mL stock 

(20 % w/v). For encapsulation, 100 µL QX200 was added to each experimental test and pulse 

vortexed briefly for 1 – 5 seconds. To reduce the overall size and polydispersity, samples were 

pipetted up and down vigorously using a 10 or 20 µm filter pipette tip until the emulsion was 

visibly cloudy, and 100 µL mineral oil layered above each sample prior to incubation for 37 °C for 2 

hours. 

7.2.12 In vitro compartmentalisation  

Prior to IVC, Phi29 DNA polymerase was heat inactivated at 65 °C for 10 minutes. Thereafter, 

agarose-in-oil emulsion droplets were cooled at 4 °C for 2 – 10 minutes, prior to breaking from 

emulsion via PFO. Once isolated, beads were washed 3x in deionised water via centrifugation at 

6,500 rpm, 4 °C, 5 minutes. Once decanted, the remaining agarose bead suspension was mixed 

with the PURExpress IVTT system (NEB) according to the manufacturer's instructions, and 

supplemented with 40 units Rnase inhibition (NEB) and 20 % percoll. Thereafter, IVTT containing 

samples were injected alongside QX200 droplet generation oil into a hydrophobic 15 x 16 µm 

single aqueous inlet flow-focusing junction device at rates of 50 µL/h and 60 µ/h, respectively. 
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7.2.13 FACS Aria sorting of double emulsion droplets 

Prior to sorting, sample collection tubes were filled with 100 µL deionised water. All double 

emulsion samples were sorted using a BD FACS Aria cell sorter with a PBS sheath fluid and 100 µm 

nozzle. Samples were sorted at average rates ranging 3,000 – 6,000 events per second (Hz). 

Samples were excited with a 488 nm blue laser with sample emission detection using a 530 ±30 

nm band-pass filer. Desired double emulsion droplet populations were gated from other particle 

populations on logSSC versus logFSC plots; a threshold trigger for droplet sorting was set on FL1-H 

following sample excitation. 

FACS sorted samples were de-emulsified via the addition of PFO at a volume approximately three 

to six times that of the emulsion,206 prior to pulse vortexing and centrifuging for 3 – 5 seconds. 

The aqueous DNA containing layer was extracted prior to adding an additional 200 µL of double-

distilled water to the PFO containing layer and vortexed to recover any remaining DNA. The 

harvested aqueous layers were combined and column purified prior to utilisation in PCR for the 

amplification of the SICLOPPS encoding MCS1 region. Thereafter, PCR products were re-cloned via 

digestion and T4 DNA ligase mediated ligation into vector CSDuetNpuHisGFP. 

7.2.14 SICLOPPS library preparation for NGS 

FACS sorted DNA samples were prepared as follows for sequencing via the Illumina MiSeq System 

(submitted to National Oceanography Centre, Southampton, Ocean and Earth Sciences). For 

primer design, amplification of an approximate 300 bp region encoding the extein cyclic peptide 

hypervariable region (approximately in the middle) was achieved through use of the following 

primers, where the bracketed sequence represents the vector region specific sequence. 

 
Primer name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

SICLOPPS NGS 
TCGTCGGCAGCGTCAGATGT 

GTATAAGAGACAG- 
[GAAAACCTGTATTTTAAACT] 

GTCTCGTGGGCTCGGAGAT 
GTGTATAAGAGACAG- 

[CCACTGCGCAACCGGCTGGG] 

Table 7.2. NGS primers for sequencing SICLOPPS cyclic peptide libraries. 

7.3 Molecular biology 

7.3.1 Antibiotics 

Antibody master stocks were prepared using the following concentrations (Table 7.3), filter 

sterilised via a 0.22 µ sterile filter (Millipore), and aliquoted into 1.5 mL Eppendorfs prior to 

storage at -20 °C. Master stocks were used at a working 1:1000 dilution ratio. 
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Antibiotic 
Master stock concentration 

(mg/mL) 
Working concentration 

(µg/mL) 
Carbenicillin 100 100 

Chloramphenicol 35 35 
Kanamycin 50 50 

Table 7.3. Antibody master stock solutions and final working concentrations. 

7.3.2 LB media and LB agar plates  

For LB broth generation, 6.25 g LB power (Fisher Scientific) was dissolved per 250 mL deionised 

water and autoclaved before use. 

For LB agar generation, 8.80 g LB agar powder (Fisher Scientific) was dissolved per 250 mL 

deionised water and autoclaved before use. Media was cooled to approximately 50 °C prior to 

antibiotic addition. Solidified agar was melted via microwave heating to acquire a liquid solution 

for plating. Approximately 25 mL LB agar (10 – 25 mL) was used per round petri dish plate.  

7.3.3 Super optimal culture media 

Super optimal culture (SOC) media was assembled as indicated below. Thereafter, solutions were 

filtered through a 0.22 µm sterile filter (Millipore) and store in 15 mL falcon tubes at 4 °C until 

required.   

 
Component Volume Final concentration 
2 M MgSO4 500 µL 20 mM 
1 M MgCl2 500 µL 10 mM 

20 % glucose 500 µL 0.2 % 
Sterile LB broth 48.5 mL - 

Table 7.4. SOC media assembly. 

7.3.4 Agarose gels 

For PCR DNA product analysis, 1 % agarose gels were prepared by dissolving 1 g agarose powder 

(Fisher Scientific) per 100 mL 1X Tris/Acetate EDTA (TAE) buffer (Table 7.5), and dissolved via 

microwave heating. 5 µL of a 10 mg/mL EtOH stock was added to achieve a final 0.5 µg/mL 

concentration in a 100 mL gel. For sample visualisation, 1 µL green GoTaq buffer (Promega) was 

added to 5 µL DNA product prior to loading onto an agarose gel alongside a 2-log DNA ladder 

(NEB). Gel tanks were filled with 1X TAE buffer, and samples run at 100 V for 30 minutes prior to 

band visualisation.  
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Component Volume/quantity Final concentration 
Tris base 242 g 2 M 

0.5 M EDTA 100 mL 50 mM 
Glacial acetic acid 57 mL 1 M 
Deionised water Up to 1 L - 

Table 7.5. 50X Tris/Acetate EDTA (TAE) stock solution for agarose gel electrophoresis. Solutions adjusted to 

pH 8.0 via sodium hydroxide. A 1X buffer was made via a one in fifty dilution with deionised water (20 mL 

50X solution per 1 L stock).  

7.3.5 SDS-PAGE 

Resolving gel: 

Component (makes 2 gels, 
15 mL) 

10 % gel 12 % gel 15 % gel 

1.5 M Tris-base (pH 8.8) 3.75 mL 3.75 mL 3.75 mL 
10 % SDS (w/v) 150 µL 150 µL 150 µL 

Acrylamide/bisacrylamide 
(40 %/0.8 %) (w/v) 

3.75 mL 4.5 mL 5.6 mL 

10 % ammonium 
persulphate (w/v) 

75 µL 75 µL 75 µL 

Tetramethylethylenediamine 
(TEMED) 

10 µL 10 µL 10 µL 

Deionised water 7.3 mL 6.5 mL 5.4 mL 

Table 7.6. SDS-PAGE resolving gel composition. 

Stacking gel: 

Component (makes 2 gels, 15 mL) Volume 
0.5 M Tris-base (pH 6.8) 1.25 mL 

10 % SDS (w/v) 50 µL 
Acrylamide/bisacrylamide (40 %/0.8 %) (w/v) 630 µL 

10 % ammonium persulphate (w/v) 25 µL 
Tetramethylethylenediamine (TEMED) 5 µL 

Deionised water 3.1 mL 

Table 7.7. SDS-PAGE stacking gel composition. 

 
Solution Quantity in 40 mL total volume 

1.5 M Tris-base (pH 8.8) 7.23 g Tris-base in 40 mL deionised water, pH to 8.8 
0.5 M Tris-base (pH 6.8) 2.42 g Tris-base in 40 mL deionised water, pH to 6.8 

10 % SDS 4 mL 100 % SDS in 36 mL deionised water 

Table 7.8. Preparation of stock Tris-base and SDS solutions for SDS-PAGE. 

Prior to protein sample analysis via SDS-PAGE, proteins were mixed with 2X Laemmli buffer (Table 

7.9) and denaturation at 95 ° for 10 minutes.  
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Component Volume (mL) Final concentration 
1 M Tris/HCl 2.5 100 mM 

20 % SDS 5 4 % 
50 % Glycerol 10 20 % 

1 M Dithiothreitol 1.25 50 mM 
Bromophenol blue Trace 0.2 % 

Deionised water Up to 25 - 

Table 7.9. 2X Laemmli buffer composition. 

 
Component Volume/quantity Final concentration 

Tris-base 15.1 g 0.12 M 
Glycine 94 % 1.25 M 

20 % SDS 25 mL 0.5 % 
Deionised water Up to 1 L - 

Table 7.10. 5X SDS-PAGE running buffer composition. 

 
Component Volume/quantity Final concentration 
Methanol 500 mL 50 % (v/v) 

Glacial acetic acid 100 mL 10 % (v/v) 
Coomassie blue 1 g 1.2 mM 
Deionised water Up to 1 L - 

Table 7.11. 1X Coomassie Blue SDS-PAGE staining solution. 

 
Component Volume/quantity Final concentration 
Methanol 100 mL 10 % (v/v) 

Glacial acetic acid 200 mL 20 % (v/v) 
Deionised water Up to 1 L - 

Table 7.12. Destaining SDS-PAGE solution. 

7.3.6 Plasmids and bacterial strains 

Plasmid name Origin/reference Purpose 

pETDuet-1 132 
Cloning vector for SICLOPPS 
library (MCS1) and Aβ42GFP 

(MCS2) co-expression 

DHFR Control Template 207 
Positive control PURExpress 

vector 

Table 7.13. List of plasmids used.  

Plasmid name Origin/reference Purpose 

E. coli DH5α - 
General cloning/DMSO stock 

applications 

E. coli BL21 (DE3) - 
Transformation and high level 

protein expression via  

Table 7.14. List of bacterial strains used. 
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7.3.7 Preparation and transformation of chemically competent bacterial cells  

Chemically competent bacterial cell preparation: 10 mL sterile LB media was inoculated with a 

frozen dimethyl sulfoxide (DMSO) E. coli strain stock and incubated at 37 °C overnight, 225 rpm. 

The next day, a 2 % subculture was prepared via the addition of 500 µL overnight culture to 25 mL 

sterile LB media, and incubated at 37 °C until an OD600 = 0.5 – 0.6 was reached (DH5α = ~3 hours, 

BL21(DE3) = ~2 hours). Thereafter, cultures were pelleted at 3,100 rpm, 15 minutes, 4 °C, and the 

supernatant decanted. Pellets were resuspended on ice in 5 mL transforming buffer I (TFB I) 

solution (Table 7.15) prior to repeat centrifugation. Once decanted, pelleted were resuspended in 

1 mL transforming buffer II (TFB II) solution (Table 7.16), and 100 µL aliquots prepared in 0.2 mL 

PCR tubes (snap frozen on dry ice, stored at -80 °C).  

Chemically competent bacterial cell transformation: 5 µL plasmid was added to 100 µL thawed 

chemically competent cells on ice, and incubated at 4 °C for 30 minutes. Thereafter, cells were 

heat shock at 42 °C for 30 seconds via a water bath, prior to returning on ice for an additional 2 

minutes. Aliquots were next transferred to 895 µL room temperature SOC media in aerated 

culture tubes, and incubated at 37 °C for 0.75 – 1 hour. 10 % of culture (100 µL) was plated on LB 

agar plated containing the require antibiotic, and the remaining 90 % retained (4 °C) in the event 

of no colonies.  

 
Component Volume/quantity Final concentration 

Calcium chloride 1.10 g 10 mM 
4-Morpholinepropanesulfonic 

acid (MOPS) 
0.21 g 10 mM 

Rubidium chloride 0.12 g 75 mM 
Glycerol 30 mL 15 % (v/v) 

Table 7.15. TFB I composition for the preparation of chemically competent bacterial cells. Solutions 

were adjusted to pH 5.8 via 1 % acetic acid. 

 
Component Volume/quantity Final concentration 

Rubidium chloride 2.42 g 100 mM 
Manganese chloride 2.00 g 50 mM 
Potassium acetate 0.59 g 30 mM 
Calcium chloride 0.29 g 10 mM 

Glycerol 30 mL 15 % (v/v) 

Table 7.16. TFB II composition for the preparation of chemically competent bacterial cells. 

Solutions were adjusted to pH 6.5 via 2 M NaOH. 
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7.3.8 Preparation and transformation of electrocompetent bacterial cells 

Electrocompetent competent bacterial cell preparation: 10 mL sterile LB media was inoculated 

with a frozen DMSO E. coli strain stock and incubated at 37 °C overnight, 225 rpm. The next day, a 

2 % subculture was prepared via the addition of 5 mL overnight culture to 250 mL sterile LB 

media, and incubated at 37 °C until an OD600 = 0.5 – 0.6 was reached (DH5α = ~3 hours, BL21(DE3) 

= ~2 hours). Thereafter, cultures were divided between five cold 50 mL falcon tubes and 

incubated on ice for 15 minutes prior to centrifugation at 3,100 rpm, 15 minutes, 4 °C. After 

supernatant decanting, pellets were resuspended in 50 mL ice-cold 10 % glycerol, and 

centrifugation repeated at 4,000 rpm, 15 minutes, 4 °C. Centrifugation and resuspension were 

repeated with 25 mL and 10 mL ice-cold 10 % glycerol solution. Finally, pellets were resuspended 

in 1 mL ice-cold 10 % glycerol, and 100 µL aliquots prepared in 0.2 mL PCR tubes (snap frozen on 

dry ice, stored at -80 °C). 

Electrocompetent competent bacterial cell transformation: 5 µL plasmid was added to 100 µL 

thawed chemically competent cells on ice, and incubated at 4 °C for 10 minutes. Thereafter, cells 

were transferred into an ice-cold 0.1 cm electroporation cuvette, and electroporated in a Bio-Rad 

MicroPulser Electroporator (Ec1 setting, voltage = 1.8 kV for E. coli 0.1 cm cuvette). Immediately, 

895 µL ice-cold SOC media was transferred to the electroporated cells, prior to transfer into an 

aerated culture rube for incubation at 37 °C (into a pre-warmed water-filled 50 mL culture tube) 

for 1 hour. 10 % of culture (100 µL) was plated on LB agar plated containing the require antibiotic, 

and the remaining 90 % retained (4 °C) in the event of no colonies.  

7.3.9 Extraction and purification of plasmid DNA 

Plasmids were isolated via a GeneJET Plasmid Miniprep Kit for rapid and small-scale preparation 

of plasmid DNA from recombinant E. coli cultures. A single colony from a freshly streaked 

selective plate/frozen DMSO stock was inoculated in 10 mL LB medium (1 % Tryptone, 0.5 % yeast 

extract, 200 mM NaCl) supplemented with the appropriate selection antibiotic. Cultures were 

incubated overnight at 37 °C, 225 rpm. Bacterial cells were pelleted at 3,100 rpm for 15 min and 

the supernatant decanted prior to re-suspension in an RNase A containing buffer to provide an 

optimal starting pH (8.0) for subsequent lysis and to remove RNA from plasmid preps. Re-

suspended cells were subjected to SDS/alkaline lysis to liberate plasmid DNA. The resulting lysate 

was neutralized to create appropriate conditions for binding of plasmid DNA on the silica 

membrane of the supplied spin columns. Cell debris and SDS precipitate were pelleted by 

centrifugation at 13,000 rpm for 10 min, and the supernatant containing plasmid DNA loaded 
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onto a spin column membrane. The absorbed DNA was washed to remove contaminants and 

eluted in 50 µl sterile deionised water. The GeneJET spin column bears a 20 µg of dsDNA capacity. 

7.3.10 Primers 

The following forward and reverse primers were designed for the assembly of pETDuet-1 and 

SICLOPPS library vectors; primers for MCS1 and MCS2 sequencing were likewise used. 

Primers used for pETDuet-1 SICLOPPS vector construction: 

Primer name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 
Annealing 

temperature 
(°C) 

NpuHisSsrA → 
MCS1 (Eco RI and 

Hind III) 

GTTGTTGAATTCATGCAT 
CATCATCATCATCATGGCG 

AACAACAAGCTTCTACGC 
CGCCAGCGCATAGTTTTCA 

59.5 

NpuHis → MCS1 
(Eco RI and Hind 

III) 

GTTGTTGAATTCATGCAT 
CATCATCATCATCATGGCG 

AACAACAAGCTTCTAGGT 
ACCATTCGGCAGATTATCC 

57.8 

Aβ42GFP → 
pETDuet-1 MCS2 

(Nde I and Eco RV)  

GTTGTTCATATGGATGCG 
GAATTTCGCCATGATTCTG 

AACAACGATATCTTATTT 
GTAGAGCTCATCCATGCCA 

57.0 

NpuFLAGCBD 
(Nco I and Hind 

III) 

GTTGTTCCATGGACTACA 
AAGACGATGACGACAAG 

ATTAAAATCGCCACCCGTAA 

AACAACAAGCTTTCATTG 
AAGCTGCCACAAGGCAGGA 

62.4 

CLLFVY → 
CSDuetNpuHisGFP 

(Nhe I and Hind 
III) 

AATGGCTTCATTGCTAGC 
AACTGCCTGCTGTTTGTG 
TATTGCCTGTCGTATGAT 

AACAACAAGCTTCTAGGT 
ACCATTCGGCAGATTATCC 

61.3 

NpuHisCA5 → 
DHRF plasmid 

(Nde I and Bam 
HI) 

GTTGTTCATATGCATCAT 
CATCATCATCATGGCG 

AACAACGGATCCCTAGGT 
ACCATTCGGCAGATTATCC 

60.2 

Table 7.17. SICLOPPS vector construction primers. 

Primers used for sequencing: 

Primer name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 
Annealing 

temperature 
(°C) 

pETDuet-1 MCS1 
sequencing 

ATGCGTCCGGCGTAGA GATTATGCGGCCGTGTACAA 53.0 

pETDuet-1 MCS2 
sequencing 

TTGTACACGGCCGCATAATC GCTAGTTATTGCTCAGCGG 51.0 

Table 7.18. SICLOPPS vector sequencing primers. 
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Primers used for SDM: 

Primer name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 
Annealing 

temperature (°C) 
NpuHis 47 bp 

deletion  
GAAGGAGATATACCATGCAT

CATCATC 
GATGATGATGCATGGTATATCTC

CTTC 
50.1 

Table 7.19. SICLOPPS vector SDM primers. 

Primers used for SICLOPPS library construction: 

Primer name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 
Annealing 

temperature 
(°C) 

NpuHis  
CX5 library 1st PCR (Nhe 

I and Hind III)  

AATGGCTTCATTGCTAGCAA 
CTGCNNSNNSNNSNNSNNS 

TGCCTGTCGTATGAT 

GGCCGCAAGCTTCTAG 
GTACCATTCGGCAG 

66.8 

NpuHis  
CX5 library ZIPPER PCR 

(Nhe I and Hind III) 
GGCTTCATTGCTAGCAAC 

GGCCGCAAGCTTCTAG 
GTACCATTCGGCAG 

56.6 

NpuHis  
TX4 library 1st PCR (Nhe 

I and Hind III) 

AATGGCTTCATTGCTAGCAA 
CACCNNSNNSNNSNNS 

TGCCTGTCGTATGAT 

GGCCGCAAGCTTCTAG 
GTACCATTCGGCAG 

64.7 

NpuHis  
TX4 library ZIPPER PCR 

(Nhe I and Hind III) 
GGCTTCATTGCTAGCAAC 

GGCCGCAAGCTTCTAG 
GTACCATTCGGCAG 

56.6 

Table 7.20. SICLOPPS library construction primers. 

7.3.11 PCR 

Component Volume (µL) Final concentration 
Sterile deionised water - Up to 50 µL 

dNTPs (2 mM each) 1 0.2 mM (each) 
GoTaq Green Reaction Buffer 

(5X) 
10 1 X (1.5 mM MgCl2) 

Sense (5') primer (10 µM) 0.5 0.1 µM 
Anti-sense (3') primer (10 µM) 0.5 0.1 µM 

Template DNA - Typically 0.5 µL (< 0.5 µg/50 µL) 
GoTaq DNA polymerase (5 u/µL) 0.25 1.25 u 

Table 7.21. GoTaq DNA polymerase PCR assembly. 

 
Step Temperature (°C) Time Number of cycles 

Initial denaturation 95 3 mins 1 
Denaturation 95 30 s 

25 - 30 Annealing 42 - 65 30 s 
Extension 72 1 min/kb 

Final extension 72 5 mins 1 
Soak 4 ∞ 1 

Table 7.22. GoTaq DNA polymerase PCR thermocycling conditions. 
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7.3.12 Colony PCR 

A colony PCR master mix was assembled on ice by dividing each GoTaq PCR reagent by 5 

(equating to a final 10 µL PCR volume per sample), and multiplying by the number of colonies to 

be assessed.  

7.3.13 Site directed mutagenesis 

Mutagenesis was carried out using KOD Hot Start DNA polymerase (Novagen) which is a premixed 

complex of the high fidelity KOD DNA polymerase and two monoclonal antibodies that inhibit the 

DNA polymerase and 3' to 5' exonuclease activities at ambient temperatures. A standard reaction 

was prepared as follows: 

 
Component Volume (µL) Final concentration 

10X Buffer for KOD Hot Start 
DNA polymerase 

5 1X 

25 mM MgSO4 3 1.5 mM 
dNTPs (2 mM each) 5 0.2 mM (each) 

Sterile deionised water - Up to 50 µL 
Sense (5') primer (10 µM) 1.5 0.3 µM 

Anti-sense (3') primer (10 µM) 1.5 0.3 µM 
Template DNA 0.5 - 

KOD Hot Start DNA polymerase 
(1 u/µl) 

1 0.02 u/µL 

Table 7.23. KOD Hot Start DNA polymerase SDM reaction assembly. 

 

Step Temperature (°C) Time Number of cycles 
Initial denaturation 95 2 mins 1 

Denaturation 95 20 s 

40 
Annealing Lowest primer TM 10 s 

Extension 70 
25 s/kb (for targets 

>3000 bp) 
Final extension 72 5 mins 1 

Soak 4 ∞ 1 

Table 7.24. KOD Hot Start DNA polymerase SDM thermocycling conditions. 

7.3.14 Restriction enzyme double digestion 

Plasmid and PCR DNA fragments were digested as followed. Once assembled, reactions were 

incubated at 37 ° for 2 hours. For plasmid vector digestions, 1 – 2 µL rSAP (NEB) was adder per 

digest for a minimum of 1 hour (5’ dephosphorylation). Linearized vectors were purified via 1 % 
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agarose gel extraction; PCR inserts were purified via spin column (GeneJET PCR purification kit; 

Thermo Scientific).  

 
Component Volume/quantity 

Deionised water Up to 50 µL 
10X CutSmart buffer (NEB) 5 µL (1X final concentration) 

Enzyme 1 (20,000 u/mL) 1 µL (10 u) 
Enzyme 2 (20,000 u/mL) 1 µL (10 u) 

Template DNA 2500 ng 

Table 7.25. Restriction endonuclease double digestion. 

7.3.15 T4 DNA ligase ligation 

Ligations were assembled (Table 7.26; Equation 3) and incubated at room temperature for 0.5 – 1 

hour. Prior to transformation (5 µL ligation mixture), T4 DNA ligase was heat inactivated at 70 ° 

for 10 mins.  

 
Component Vector alone (µL) 1:3 (µL) 1:6 (µL) 1:9 (µL) 

Vector (recommended 100 ng) - - - 
Insert - - - - 

Deionised water Up to 10 µL Up to 10 µL Up to 10 µL Up to 10 µL 
T4 DNA ligase 
buffer (10X) 

1 1 1 1 

T4 DNA ligase 
(400,000 u/mL) 

1 1 1 1 

Table 7.26. T4 DNA ligase ligation assembly for vector construction. 

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	(µ𝐿) =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	(𝑛𝑔)

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	 f𝑛𝑔µ𝐿g
 

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦	𝑜𝑓	𝑖𝑛𝑠𝑒𝑟𝑡	 h
𝑛𝑔
µ𝐿i =

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	(𝑛𝑔)	𝑥	𝑠𝑖𝑧𝑒	𝑜𝑓	𝑖𝑛𝑠𝑒𝑟𝑡	(𝑏𝑝)	𝑥	𝑟𝑎𝑡𝑖𝑜	𝑜𝑓	𝑖𝑛𝑠𝑒𝑟𝑡: 𝑣𝑒𝑐𝑡𝑜𝑟
𝑆𝑖𝑧𝑒	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	(𝑏𝑝)  

Equation 3. Calculations used to determine vector and insert quantities required for ligation (Promega). 

7.3.16 Western Immunoblotting from PURExpress IVTT reactions 

As detailed per manufacturer's instructions, 250 ng plasmid DNA was assembled alongside 10 µL 

solution A, 7.5 µL solution B, 1 µL (40 units) RNase inhibitor (NEB) and nuclease-free water up to a 

total volume of 25 µL. Reactions were mixed gently and briefly pulse-spun in a microfuge prior to 

incubation at 37 °C for a minimum of  2hours. For SDS-PAGE, 2.5 µL PURExpress reaction was 

mixed with 7.5 µL SDS gel loading buffer (10 µL total volume), heated at 95 °C for 10 mins, and 

separated by 15 % SDS-PAGE (run at 150 V for 60 – 70 mins). Proteins were transferred onto 

nitrocellulose transfer membranes (Protran, Whatman) at 250 mA for 2 h, after which membranes 
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were blocked in 5 % milk in phosphate buffer saline (PBS) and Tween (0.1 % v/v PBS/Tween) at 

room temperature for 1 h. Thereafter, membranes were incubated with a mouse anti-CBD 

primary antibody (NEB) at 4 °C for 16 h (1:1000) ratio in 5 % milk in PBS with 0.05 % Tween-20 

followed, by incubation with an anti-mouse secondary antibody (1:100,000) dilution for 1 hour at 

room temperature. Subsequent protein detection was facilitated via an enhanced 

chemilluminescence (ECL) reagent. 

7.3.17 Purification of spliced CBD-tagged inteins 

10 mL sterile LB media was inoculated with the desired SICLOPPS CBD containing plasmid frozen 

DMSO stock with the appropriate antibiotics, and incubated at 37 °C overnight, 225 rpm, a 2 % 

subculture was prepared in the desired volume of media, and incubated at 37 °C until an OD600 = 

0.5 – 0.6 was reached. Thereafter, cultures were induced with 100 µM IPTG and incubated for a 

further 3 hours. Cultures were harvested via centrifugation at 3,100 rpm, 15 min, 4 °C, and the 

supernatant discarded. If not required immediately, pellets were stored at -80 °C.  

For analysis, pellets were lysed in 4 mL chitin buffer (Table 7.27) and sonicated (12 secs on, 12 

secs off, 12 cycles). Thereafter, lysed samples were centrifuged (8,000 rpm, 45 min, 4°C), and the 

supernatant filtered via a sterile 0.22 µm filter (Millipore). For protein purification, 1 mL filtered 

sample was supplemented with 200 µL chitin beads (washed four times in 1 mL chitin buffer via 

centrifugation, 2,500 rpm, 5 minutes, acceleration 1, 4 °C, prior to protein addition), and 

incubated on ice with gentle rocking for 1 hour. Beads were subsequently washed via 

centrifugation (2,500 rpm, 5 minutes) prior to overnight incubation at 4 °C. For analysis, beads 

were washed four times in 1 mL chitin buffer, and 2 µL bead solution added to 8 µL Laemmli 

buffer for SDS-PAGE.  

 
Component Volume/quantity Final concentration 

Tris HCl (pH 7.8) 1.21 g 20 mM 
TCEP 125 mg 1 mM 
NaCl 14.5 mg 0.5 mM 

Deionised water Up to 500 mL - 

Table 7.27. Chitin binding buffer composition. 

7.3.18 Npu SICLOPPS library construction 

Npu SICLOPPS plasmid libraries were constructed through PCR amplification (GoTaq polymerase) 

of the extein peptide sequence via primers (subsection 7.3.10) NpuHis CX5 library 1st PCR (Nhe I 

and Hind III; for CX5 library construction) or NpuHis TX4 library 1st PCR (Nhe I and Hind III; for TX4 

library construction). Once spin column purified, a second PCR was performed to ensure correct 
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alignment of PCR sequence fragments through use of forward ZIPPER primer (NpuHis CX5 library 

ZIPPER PCR (Nhe I and Hind III) or NpuHis TX4 library ZIPPER PCR (Nhe I and Hind III), alongside 

the same reverse primers as previously stated). Upon purification, PCR fragments were digested 

as detailed in subsection 7.3.14, and ligated (subsection 7.3.15) at an optimised 1:9 vector to 

insert ratio. Following T4 DNA ligase heat inactivation, ligations were dialysed against 250 mL 

sterile deionised water on a nitrocellulose filter (13 mm, 0.025 µM, Millipore) for a minimum for 2 

hours. Thereafter, the entirety of the ligation was electroporated into DH5α E. coli (subsection 

7.3.8), and plated on 100 µg/mL carbenicillin agar plates prior to overnight incubation at 37 °C 

(subsection 7.3.2).  

For plasmid library isolation, transformed cultures were spread on square, agar filled (120 x 120 

mm) petri dishes supplemented with 100 µg/mL carbenicillin, and incubated overnight at 37 °C. 

Thereafter, colonies were scrapped via the addition of sterile LB media onto the surface of each 

agar plate, and transferred to a cold 50 mL falcon tube. For plasmid library extraction, cultures 

were pelleted at 3,100 rpm, 4 °C, 15 minutes, prior to GeneJET Plasmid Midiprep Kit use.   
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Appendix A Sequencing data 

7.4 Verification of the recovery of a diverse CX5 SICLOPPS library using 

CSDuetNpuHisAβ42-GFP following FACS 

Sequence data from 100 randomly picked DH5α E. coli post-FACS expressing a randomised CX5 

SICLOPPS cyclic peptide library from vector CSDuetNpuHisAβ42-GFP.  

 
Colony number Peptide sequence DNA sequence 

1 CG*QGG TGCGGGTAGCAGGGGGGG 

2 CIVHCA TGCATCGTGCACTGCGCG 

3 CQGTLW TGCCAGGGGACGCTGTGG 

4 CPVGGG TGCCCGGTGGGGGGGGGT 

5 CTAHVS TGCACGGCCCACGTCAGC 

6 CKCWSL TGCAAGTGCTGGTCCCTG 

7 CCRTNV TGCTGCCGGACCAATGTG 

8 CGVTYH TGCGGCGTCACGTACCAC 

9 CRVQRS TGCAGGGTGCAGAGGTCC 

10 CFQGSQ TGCTTCCAGGGGTCGCAG 

11 CVSVHG TGCGTCAGCGTCCACGGC 

12 CAWQNS TGCGCCTGGCAGAACAGC 

13 CGTHMT TGCGGGACGCACATGACG 

14 CWSRER TGCTGGTCGAGGGAGAGG 

15 CVRPKA TGCGTGCGCCCGAAGGCG 

16 CSAGLW TGCTCGGCCGGCCTCTGG 

17 CEKVSV TGCGAGAAGGTGAGCGTG 

18 CSDVHM TGCAGCGACGTGCACATG 

19 CAPRSR TGCGCCCCGAGGTCGCGG 

20 CARAGV TGCGCGCGCGCGGGCGTC 

21 CPLSLG TGCCCGCTCAGCTTGGGC 

22 CSGVTW TGCTCCGGGGTCACCTGG 

23 CKRVFL TGCAAGAGGGTGTTCTTG 

24 CKGRRG TGCAAGGGCCGGAGGGGC 

25 CVTSCW TGCGTCACCTCGTGCTGG 

26 CDSPRH TGCGACAGCCCGCGGCAC 

27 CRSPLE TGCAGGTCCCCCTTGGAG 

28 CLRKPP TGCCTGCGCAAGCCCCCG 

29 CAEFTR TGCAGGGAGTTCACGCGC 

30 CTHKVW TGCACCCACAAGGTGTGG 

31 CTWYLR TGCACCTGGTACTTGCGC 

32 CCRCAR TGCTGCCGGTGCGCGAGG 
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33 CRAWLM TGCCGCGCCTGGCTGATG 

34 CSCGAV TGCTCGTGCGGCGCCGTG 

35 CTRVCH TGCACGAGGGTCTGCCAC 

36 CRNLLM TGCCGGAACTTGTTGATG 

37 C*VIHK TGCTAGGTCATCCACAAG 

38 CSIT*R TGCAGCATCACCTAGCGC 

39 CRNFLI TGCCGGAACTTCTTGATC 

40 CHGV*L TGCCACGGGGTGTAGCTC 

41 CRTANL TGCCGGACGGCCAACCTG 

42 CFMRSR TGCTTCATGCGGTCGAGG 

43 CMRWG* TGCATGCGGTGGGGGTAG 

44 CSYSHR TGCTCGTACTCCCACCGC 

45 CVKYEV TGCGTGAAGTACGAGGTG 

46 CTLDVN TGCACCCTGGACGTGAAC 

47 CGGNGG TGCGGGGGGAACGGGGGC 

48 CESRWS TGCGAGTCGAGGTGGAGC 

49 CGRAGR TGCGGGAGGGCGGGGAGG 

50 CGLTGW TGCGGCTTGACGGGCTGG 

51 CITQGA TGCATCACCCAGGGGGCC 

52 CDRSRL TGCGACCGGAGCCGGTTG 

53 CAGNAG TGCGCGGGGAACGCCGGG 

54 CYSHYQ TGCTACTCGCACTACCAG 

55 CRSCSW TGCAGGTCGTGCTCGTGG 

56 CQMVM* TGCCAGATGGTGATGTAG 

57 CRSSSS TGCAGGTCGTCCTCGTCC 

58 C*KLCF TGCTAGAAGTTGTGCTTC 

59 CLLGAR TGCCTCCTCGGGGCCCGG 

60 CCYGE* TGCTGCTACGGCGAGTAG 

61 CWYRMY TGCTGGTACCGCATGTAC 

62 CWSPTG TGCTGGTCCCCCACGGGG 

63 CVSTET TGCGTGAGCACGGAGACG 

64 CGCLCC TGCGGGTGCCTGTGCTGC 

65 CRSLLW TGCCGGTCGTTGTTGTGG 

66 CVD*GA TGCGTGGACTAGGGCGCG 

67 CDAAQG TGCGACGCCGCGCAGGGC 

68 CDGLWA TGCGACGGGCTGTGGGCG 

69 CWCGCG TGCTGGTGCGGGTGCGGC 

70 CCGVTR TGCTGCGGGGTGACGAGG 

71 CRSVGV TGCAGGAGCGTGGGCGTC 

72 CDLVTR TGCGACCTCGTGACGCGG 

73 CGYWDR TGCGGGTACTGGGACAGG 

74 CPFWLR TGCCCCTTCTGGCTGAGG 

75 CLTEWD TGCTTGACGGAGTGGGAC 
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76 CCDEMR TGCTGCGACGAGATGCGC 

77 CGRGQL TGCGGGCGCGGCCAGCTG 

78 CKMFAW TGCAAGATGTTCGCGTGG 

79 C*ARWI TGCTAGGCCCGGTGGATC 

80 CFSGRG TGCTTCAGCGGCCGCGGG 

81 CVVPTC TGCGTGGTCCCGACCTGC 

82 CHVSKT TGCCACGTGAGCAAGACC 

83 CDGALK TGCGACGGGGCGTTGAAG 

84 CKGLCI TGCAAGGGCTTGTGCATC 

85 CPRWRV TGCCCGCGGTGGCGCGTC 

86 CKMSQQ TGCAAGATGTCGCAGCAG 

87 C*GSRS TGCTAGGGCTCGCGCAGC 

88 CDDSAA TGCGACGACTCCGCGGCG 

89 CRCITN TGCAGGTGCATCACCAAC 

90 CGSQLT TGCGGGAGCCAGTTGACC 

91 CVQVGA TGCGTCCAGGTGGGGGCC 

92 CSGGEW TGCAGCGGGGGCGAGTGG 

93 CYDWKI TGCTACGACTGGAAGATC 

94 CGHSAG TGCGGGCACTCGGCGGGC 

95 CSVKQA TGCAGCGTGAAGCAGGCC 

96 CG*GNT TGCGGGTAGGGCAACACG 

97 CL*I*V TGCTTGTAGATCTAGGTG 

98 CRGPWV TGCCGGGGCCCCTGGGTG 

99 CELMMG TGCGAGCTGATGATGGGG 

100 CSVMQV TGCAGCGTGATGCAGGTG 

Table 7.28. Sequence data from 100 randomly picked CX5 library colonies following 

FACS. * indicates an amber (TAG) stop codon. 

7.5 Next-generation sequencing of a CX5 SICLOPPS plasmid library 

Following electroporation into DH5α E. coli, the resulting CX5 SICLOPPS cyclic peptide library was 

purified for Illumina MiSeq NGS analysis. Only 47,526 and 44,471 unique nucleotide and 43,089 

and 40,704 unique cyclic peptide sequences were registered before and after FACS, respectively 

(Figure 7.1). 
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Figure 7.1. NGS of a CX5 SICLOPPS cyclic peptide plasmid library. (A) Before FACS, and (B) after FACS. 

7.6 Next-generation sequencing of a TX4 SICLOPPS library  

Illumina MiSeq NGS analysis of a ligated TX4 SICLOPPS library. 147,351, 140,046, 3650, and 679 

unique pentapeptide sequences were identified before FACS, and following one, two, and three 

rounds of FACS, respectively. In addition, 440,070, 394,139, 3,748, and 688 unique nucleotide 

sequences were identified before FACS, and following one, two, and three rounds of FACS, 

respectively. 

 

Figure 7.2. NGS of a TX4 SICLOPPS cyclic peptide library. (A) Before FACS, (B) 1st round of sorting, (C) 2nd 

round of sorting, and (D) 3rd round of sorting. 
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