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Abstract

In phenylketonuria, absence or malfunction of the phenylalanine hydroxylase enzyme results in
toxic accumulation of phenylalanine in the body. An injectable recombinant enzyme therapy was
recently approved and has the potential to improve the quality of life of patients with phenylke-
tonuria. Cell-free protein production uses cytosolic extract of prokaryotic or eukaryotic cells and
offers flexibility in biomanufacturing at different scales, accelerates prototyping, and allows decen-
tralized production of therapies by using freeze-dried protein expression systems. In this thesis,
we show that we can express the therapeutic enzyme phenylalanine ammonia lyase in home-made
cell-free protein expression systems. By using a spectrophotometric enzymatic assay, we show that
the enzyme is active and converts phenylalanine to the non-toxic metabolite trans-cinnamic acid.
The cell-free expression system can be freeze-dried and still produces active therapeutic enzyme,
which would allow the decentralized production of this enzyme replacement therapy. However,
the cost associated per dose would be too high with the current cell-free expression system, and
improvements in protein yields and costs per reaction will be required to offer decentralized pro-
duction of enzyme replacement therapy for phenylketonuria.

Another opportunity to improve the quality of life of patients with phenylketonuria would be to pro-
pose an oral enzyme replacement therapy. For this purpose, we developed a platform to produce
biocompatible semi-permeable microcapsules made of poly-(PEG-DA 250 g/mol) to encapsulate
the therapeutic enzyme and protect it from proteolytic digestion. Our results show that the mi-
crocapsules are semi-permeable, thermally and mechanically stable, and resistant to incubation in
simulated gastric and intestinal fluid. Proteins and active enzymes were successfully encapsulated,
but the pore size was slightly too large and would allow the transport of proteolytic enzymes across
the capsules shell, thus requiring further improvements for oral enzyme replacement therapy in

phenylketonuria.



To demonstrate the potential of the semi-permeable capsules for different applications, we encap-
sulated proteins, enzymes, magnetic beads, DNA, bacteria or yeast cells inside the liquid core of
the microcapsules. This biocompatible microencapsulation platform could be used in the building
of innovative encapsulated diagnostic and therapeutic systems containing active biomolecules or
living cells.

During the COVID-19 pandemic, we developed a solution to help in the conduction of serological
epidemiological studies for the detection of anti-SARS-CoV-2 antibodies. We integrated a decen-
tralized capillary blood collection, dried blood samples shipping, and centralized processing and
analysis on a microfluidic chip for high-throughput nano-immunoassays. The microfluidic assay an-
alyzes sample with volumes of a few nanoliters and reduces reagents consumption per datapoint by 2
or 3 orders of magnitude thus offering the potential to greatly reduce costs. The nano-immunoassay
was validated with serum samples from 155 PCR~confirmed patients and 134 pre-pandemic nega-
tive control sera and showed 100 % specificity and 98 % sensitivity in duplicate measurements. We
also show evidence of the good performance of collecting dried blood spots with glucose test strips

or two commercial microsampling devices followed by testing with the nano-immunoassay.

Keywords: phenylketonuria, enzyme, replacement, cell-free, microfluidic, encapsulation, immunoas-

say, dried, blood, microsampling



Résumé

Dans la phénylcétonurie, une absence ou une mauvaise fonction de ’enzyme phénylalanine hydrox-
ylase résulte en une accumulation toxique de phénylalanine dans le corps. Une enzyme recom-
binante injectable a récemment été approuvée et a le potentiel d’améliorer la qualité de vie des
patients avec phénylcétonurie. La production de protéines cell-free utilise un extrait cytosolique
de cellules prokaryotes ou eukaryotes et a le potentiel d’offrir de la flexibilité dans la biomanufac-
ture a différentes échelles, d’accélérer le prototypage de procédés, et de permettre la production
décentralisée de thérapies grace a l'utilisation de systemes de production de protéines cell-free
lyophilisés. Dans cette these, nous montrons que I’enzyme thérapeutique phenylalanine ammonia
lyase peut étre exprimée dans un systeme de production de protéines cell-free développé dans le
laboratoire. En utilisant un test enzymatique spectrophotométrique, nous montrons que ’enzyme
produite est active et convertit la phénylalanine en acide trans-cinnamique, un composé non tox-
ique. Le systéme de production de protéines cell-free peut étre lyophilisé et conserve sa capacité de
production de I’enzyme thérapeutique active. Cependant, les cotits associés avec la méthode utilisée
de production de protéines cell-free sont trop élevés. Des améliorations au niveau du rendement
ou une réduction des colts par réaction seront nécessaires pour offrir une production décentralisée
de thérapies de remplacement enzymatique pour la phénylcétonurie.

Une opportunité d’améliorer la qualité de vie de patients avec phénylcétonurie serait de proposer
une thérapie de remplacement enzymatique par voie orale. Dans ce but, nous avons développé une
plateforme pour la production de microcapsules biocompatibles et semi-perméables faites en poly-
(PEG-DA 250 g/mol) afin d’encapsuler I'enzyme thérapeutique et la protéger de sa dégradation
par des enzymes protéolytiques. Nos résultats montrent que les capsules sont semi-perméables,
résistantes aux contraintes mécaniques ou de température, et résistent a une incubation dans du

liquide gastrique ou intestinal simulé. Des protéines et enzymes peuvent étre encapsulées avec



succes, mais la taille des pores des capsules est un peu trop grande puisqu’elle permettrait le pas-
sage d’enzyme protéolytiques, et des modifications seront donc nécessaires pour permettre leur
utilisation pour la thérapie de remplacement enzymatique par voie orale. Pour montrer le poten-
tiel des capsules semi-perméables dans différentes applications, nous avons encapsulé différentes
protéines, enzymes, billes magnétiques, des molécules d’ADN, des bactéries ou des levures dans
le coeur liquide des microcapsules. Cette technique de microencapsulation biocompatible pourrait
donc étre utilisée dans le développement de nouvelles technologies diagnostique ou thérapeutiques
grace a des biomolécules ou cellules encapsulées.

Durant les premieres phases de la pandémie de COVID-19, nous avons développé une solution
pour aider a la réalisation d’études épidémiologiques par sérologies pour la détection d’anticorps
anti-SARS-CoV-2. Nous avons intégré un procédé qui permet la collection décentralisée de sang
capillaire, d’envoi d’échantillons de sang séché, et ’extraction et analyse de maniere centralisée
grace a un dispositif microfluidique pour effetuer des nano-immunoessais a haut débit. Le test
microfluidique nécessite un échantillon de quelques nanolitres et réduit la consommation de réactif
par 2 a 3 ordres de grandeurs pour chaque point de mesure. Le nano-immunoessai a été validé avec
des échantillons de sérum provenant de 155 patients ayant présenté un test PCR positif et de 134
patients controles prélevés avant la pandémie et le test a démontré une spécificité de 100 % et une
spécificité de 98 % pour des analyses effectuées en duplicat. Nous montrons également de bonne
performances lors de la collecte de gouttes de sang séché avec des bandelettes pour glycémie ou
avec deux dispositifs commerciaux de collecte de micro-échantillons et leur analyse avec le nano-

immunoessai microfluidique.

Mots-clés: phenylcétonurie, enzyme, remplacement, cell-free, microfluidique, encapsulation, im-

munoessai, sang, séché, microéchantillon
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Motivations

1.1 Context of the thesis

During my doctoral thesis, I explored multiple directions with the same goal of developing new
diagnostic or therapeutic tools. All my different efforts were made in the direction of advancing
healthcare, and I hope that my modest contributions done during this thesis will help in any possi-
ble way. Before starting this project, I obtained an MD-PhD grant from the Swiss National Science
Foundation to work with Professor Kai Johnsson and develop point-of-care sensors for phenylala-
nine. Such technology would help patients with a disease called phenylketonuria in managing their
treatment by closely monitoring their blood phenylalanine levels. During my medical studies and
the long process of obtaining this support, I got very interested in this disease and I was looking
forward to work on a project that could directly benefit patients. However, a few weeks after
receiving the grant, Professor Johnsson informed me that he accepted a position as Max Planck
institute director in Heidelberg, meaning I had to find another hosting lab at EPFL.

I was fortunate to join Professor Sebastian Maerkl lab, and we decided to keep working on the
subject of phenylketonuria. We explored some new ways of producing the therapeutic enzyme
phenylalanine ammonia lyase (PAL) with the use of cell-free expression systems, which could open
the possibility to produce the therapeutic enzyme on-demand and in a decentralized way. We also
sought to engineer some protection against proteolytic digestion to allow its use as an oral replace-
ment therapy. For that purpose, we considered the use of unnatural amino acid incorporation in the
cell-free produced enzyme, which could facilitate the process of enzyme PEGylation used to protect

the enzyme. Another protection method we considered was the use of protein nanocompartments

14



which could form a protease resistant compartment and protect their cargo.

Finally, we started a collaboration with Professor Esther Amstad and the SMal lab at EPFL to
produce semipermeable microcapsules that would allow the encapsulation and protection of the
therapeutic PAL enzyme, while allowing the transport of phenylalanine. The production of micro-
capsules templated from double-emulsions produced with microfluidics ended up forming the most
important part of my research project. This has proven to be a difficult task, first setting up a
droplet microfluidic method to produce double-emulsions, finding a suitable biocompatible capsule
material, and polymerizing semipermeable capsules possessing nanopores of appropriate size cutoff.
Encapsulation of enzymes or different active biomolecules in semi-permeable microcompartments
not only has interest for enzyme delivery, but also for other applications in therapeutics, diagnostics,
or in basic research. We explored different applications that could benefit from the development of
our semipermeable microcapsules, such as the encapsulation of DNA strand displacement (DSD)
reactions, and we are confident that the microcapsules could be used for other interesting applica-
tions in the future.

During the last year of my thesis, our lab was momentarily shut down due to the COVID-19 pan-
demic. I took some time to help remotely the center of precision oncolgy in CHUV, Lausanne. In
the team, we entered electronic case report forms to allow a clinical monitoring of the oncology pa-
tients affected with COVID-19. Later, the lab was partly reopened as part of the EPFL COVID-19
task force, and focused on the development of a microfluidic high-throughput nanoimmunoassay
platform for SARS-CoV-2 antibody testing. I was fortunate to join the team formed by my col-
leagues Zoe Swank, Hon Ming Yip and Chun-Jie Cai and work on this platform. I had a primary
involvement on the preanalytical part, exploring the compatibility of dried blood sampling and
extraction with the nano-immunoassay platform. This work is ongoing in collaboration with the
Geneva University Hospitals and I am particularly happy to participate in this research effort with
direct implications for the clinics. I look forward to seeing the collaboration continue and bring

new developments in this project supported by the Swiss National Science Foundation (NRP-78).
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1.2 Aims of the thesis

e The first aim of the thesis is to develop a cell-free expression system for the decentralized or
on-demand production of the therapeutic enzyme PAL, and to develop methods that could be
used together with cell-free expression and would protect PAL from proteolytic degradation

or from eliciting an immune response.

e The second aim of the thesis is the production of biocompatible semi-permeable microcap-

sules which could be loaded with active enzymes such as PAL or other active biomolecules.

e The third aim of the thesis is the development of a platform for the detection of anti-SARS-
CoV-2 antibodies by decentralized collection of blood samples and testing on a microfluidic

high-throughput nanoimmunoassay.

16



Cell-free expression of a therapeutic

enzyme for the treatment of PKU

2.1 Introduction

2.1.1 Phenylketonuria

Phenylalanine hydroxylase (PAH) deficiency is an inborn error of metabolism resulting in a deficient
or absent hydroxylation of the essential amino acid phenylalanine to tyrosine. It is an autosomal
recessive genetic disease that affects the PAH gene on chromosome 12¢23.2, with more than 500
different mutations reported [1]. The classical form of the disease is called phenylketonuria (PKU),
and it is present in 1 in 8000 newborns in Switzerland (neoscreening.ch). Dr. Asbjorn Folling, a
Norwegian physician and chemical engineer, discovered the disease in 1934 by linking the mental
retardation observed in patients to the high concentration of phenylpyruvic acid that he was able
to isolate from their urine [2]. The disease could be diagnosed by the reaction of ferric chloride with
excess phenylpyruvic acid present in patient’s urines, and the role of phenylalanine accumulation in
the clinical presentation of PKU and its autosomal recessive transmission were identified [3]. The
clinical presentation consists of central nervous system injury, fair skin and hair, and elevated levels
of phenylalanine metabolites in urine. Accumulation of phenylalanine saturates the large neutral
amino acid transporter (LNAAT), which impairs the transport and metabolism of other amino
acids in the brain. Additionally, the missing product of phenylalanine hydroxylation, tyrosine,

is an important neurotransmitter precursor; tyrosine is an essential precursor in the biosynthesis
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of L-DOPA, dopamine, and catecholamines, but also in the biosynthesis of melanin. Finally, the
degradation of the accumulated phenylalanine occurs via alternative metabolic routes, leading to
the production and excretion of phenylpyruvate, phenylacetate and other metabolites in the urine,
accounting for the characteristic particular odor of the patient’s urine [1]. The mainstay of PKU
management was introduced in the 1950s with the adoption of low-phenylalanine diet in the form
of low protein regime supplemented with the remaining amino acids [4, 5, 6]. Another important
milestone was the development of neonatal screening programs using the bacterial inhibition test
proposed by Robert Guthrie [7][8], allowing to place PKU patients on the appropriate diet early

enough to mitigate most of the harmful effects of hyperphenylalaninemia during development.

2.1.2 PKU management and therapeutic opportunities

As presented above, the mainstay of the current treatment consists in adopting from the very first
weeks of life a restrictive, low-protein diet, further supplemented with medical foods containing
the required amino acids except phenylalanine. While this helps in preventing most of the severe
consequences of PKU, it can be difficult for some patients to remain in recommended levels of
phenylalaninemia and neurophsycological problems can be encountered [1]. Although PKU is a
rare disease, its extensive characterization at the clinical, genetical, physiological, and biochemical
levels, the awareness gained through neonatal screening programs, together with the availability
of preclinical models, has made it an attractive area of research for both academia and the phar-
maceutical industry [9]. Despite multiple efforts, the only FDA approved drug until 2018 for the
management of phenylketonuria has been Sapropterin, a synthetic analog of tetrahydrobiopterin,
which was introcuded in 2007. Unfortunately, not more than a third of PKU patients benefit from
this therapy as it is not able to lower phenylalanine levels in patients with certain PAH mutations
[10]. Enzyme replacement therapy, which provides an exogenous supply of a bacterial phenylala-
nine ammonia lyase (PAL) to convert excess phenylalanine into the non-toxic transcinnamic acid,
would allow most patients to be relieved from their restrictive diets [11]. After years of research and
development (discussed in section 2.1.3), a subcutaneous self-injectable pegylated PAL called Peg-
valiase or PEG-PAL was approved in the US in 2018 [12] and in 2019 in Europe, marking another
more recent milestone in PKU management. Other approaches are being explored, for example
by administering the therapy with engineered red blood cells to express an active enzyme, but the

company Rubius therapeutics stopped its developments following unconvincing results from the ini-
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tial patient treatment in clinical trial NCT04110496. Gene therapy is also advancing towards the
clinic with different candidates entering phase 1/2 clinical trials such as HMI-102 from Homology
medicine (clinical trial NCT03952156), or BMN 307 from Biomarin (clinical trial: NCT04480567).
Gene therapies are attractive as a one-off treatment option, with successes in clinical trials for dif-
ferent indications such as hemophilia A with Biomarin’s valoctocogene roxaparvovec [13]. However,
there remain some questions about the duration of efficacy which is of particular significance since
the treatment cannot be administered again due to immunization against the adeno-associated
virus (AAV) vector used, leading to FDA rejecting the application for Biomarin’s hemophilia A
gene therapy, asking for additional data on long term efficacy. Instead of using viral vectors to
deliver DNA information for the expression of the therapeutic enzyme, Moderna is investigating at
a preclinical stage the use of its mRNA delivery platform for the treatment of PKU mRNA-3283
and has filed patents towards this use (W02015061491A1). While gene therapies will certainly play
an important role in PKU tretment, an oral replacement therapy would offer a confortable route
of administration to patients and its reversible and titrable action would provide an alternative
treatment option with facilitated adoption. Early preclinical studies have shown positive results
when administering PEGylated PAL to mice by oral gavage [14], but a high dose of enzyme was
required to obtain a significant reduction in phenylalaninemia, even with PEGylation and selection
of mutations to improve protease resistance. Using its proprietary protein engineering technology,
Codexis developed an improved variant of PAL, further strengthening its proteolytic resistance, as
well as improving its manufacturability, resulting in the enzyme CDX-6114 which entered a phase
I clinical trial (NCT04085666) and will be developed in partnership with Nestlé health science. Al-
ternatively, developments in synthetic biology led to new therapeutic opportunities by engineering
non-colonizing probiotics metabolizing phenylalanine in the digestive tract [15] and are currently

the focus of Phase II clinical trials.

2.1.3 Recombinant enzyme replacement therapy

As the focus of this thesis will be on the use of recombinant enzyme replacement therapy, we will
present in more details the developments leading to the approved injectable enzyme replacement
therapy for PKU and efforts made in using it for oral enzyme replacement therapy. The first
proposition for enzyme replacement therapy in PKU patients was made as early as 1978 when

Ambrus et al. immobilized phenylalanine ammonia lyase (PAL) in extracorporeal reactors [16].
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While successful in reducing phenylalanine levels, it was not practical as a chronic treatment and
was not adopted. In 1980, Hoskins et al. encapsulated PAL purified from Rhodotorula glutinis
yeast (RgPAL) in hard gelatin capsules with enteric coating, but no significant reduction in pheny-
lalanine blood levels were observed [17]. In 1985, Thomas Chang proposed to use ”artificial cells”
obtained from emulsification of a solution of PAL and hemoglobin in collodion, forming capsules
with a cellulose acetate thin shell [18]. The administration of the PAL-containing artificial cells to
rats was effective in lowering blood phenylalanine levels, but no further developments were made
because of the lack of availability in PAL. In 1999, Sarkissian et al. cloned the yeast Rhodosporid-
ium toruloides PAL gene (RtPAL) in E. coli and were able to produce it in large quantities, and
showed that it was amenable for reduction of phenylalaninemia leading to a renewed interest in
this enzyme [19]. However, the large quantity of enzyme necessary for oral therapy or the reduced
efficacy after repeated injections due to immune effects motivated further investigations and de-
velopments [20]. One method to prevent recombinant products from eliciting an immune response
and reducing their efficacy is to use PEGylation as was developed for adenosine deaminase (PEG-
ADA) used in the treatment of severe combined immunodeficiency (SCID) [21]. PEGylation was
applied to human phenylalanine hydroxylase (PAH) and other PAH enzymes, but the requirement
of a cofactor makes it less ideal compared to PAL [22]. Indeed, the PEGylation procedure was
used soon after on RtPAL which successfully reduced immunogenicity of the product while pre-
serving its therapeutic enzymatic activity [23, 24, 25]. The last important step in obtaining an
effective enzyme replacement therapy for PKU was the discovery of cyanobacterial PAL enzymes,
notably from Anabaena variabilis, AvPAL. These enzymes have comparably smaller size while pre-
senting comparable catalytic activities [26], and thermal stability and proteolytic resistance was
enhanced after engineering two cysteine residues into serines (C503S and C565S) [27]. Finally, the
PEGylation of AvPAL formed the product used in the injectable enzyme replacement therapy for
phenylketonuria after years of collaborative development between academic and industrial partners
[20]. While the approval of an injectable enzyme replacement therapy is an immense success, there
would still be great benefits for patients to use the recombinant enzyme as an oral therapy. To this
goal, the AvPAL enzyme was further engineered by substituting a chymotrypsin sensitive residue
(F18A) and was either immobilized in silica particles or PEGylated to improve its proteolytic resis-
tance [28]. However, the modifications resulted in decreases in enzyme catalytic activity with only

modest improvement in its stability and resistance in vitro. Nevertheless, different formulations
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were evaluated in a preclinical mouse model of PKU [29] and the triple mutant AvPAL PEGylated
with 5 kDa PEG was shown as a promising candidate, with a significant and important reduction
of blood phenylalanine levels in treated mice [14]. However, the dose administered was important
with about 15 units of enzyme per dose in this small animal preclinical model. In comparison, the
subcutaneously injectable enzyme is administered at 20 mg or 40 mg per dose in an adult human,
which represents around 40 or 80 units of enzyme. Efforts are still ongoing to provide protection
to the recombinant enzyme for example by immobilizing the enzyme in mesoporous silica particles

[30], or by more extensive protein engineering by Codexis.

2.1.4 Cell-free protein expresion

Cell-free or in vitro transcription-translation makes use of the machinery of living cells for the
conversion of DNA based genetic constructs into the corresponding RNA and protein, without the
need for maintaining cell integrity and its basic metabolic processes [31]. Extracts from various
prokaryotes, eukaryotes, and plants, or even reconstituted systems can be used [32]. The most
common commercial cell extracts were developed by using E. coli [33, 34], wheat germ [35, 36], or
rabbit reticulocytes [37]. More recently, other eukaryotic lysates obtained from insect [38], chinese
hamster ovary (CHO) [39] or human [40, 41] cells were made available. A plant-based system
using tobacco-BY?2 cells presents the highest protein expression in batch format with yields up
to 3 mg/mL of reaction [42, 43]. A reconstituted system called “PURE” is also available, where
all the necessary machinery components for protein expression are produced recombinantly and
purified [44]. Detailed protocols for the in-house preparation of E. coli extracts are established [45],
and high throughput production of different extracts is possible with little infrastructure by using
sonication to lyse bacterial cells [46], making it widely available for research laboratories. In 2011,
Zawada et al. presented the first large-scale production using an E. coli cell-free production system
following the current Good Manufacturing Practices (¢cGMP) for drug production [47]. A detailed
examination of the components necessary for the cell-free reaction led to a drastically simplified
and cheaper energy supplementation with potassium glutamate as the sole energy source, further
converted to higher energy molecules and ATP through active metabolism and oxidative phos-
phorylation [48], improving on the previously described Cytomim system [49]. This allowed the
creation of Sutro biopharma which successfully uses cell-free for the bulk production of biopharma-

ceuticals such as antibody-drug conjugates [50] or bispecific antibodies [51], leveraging additional
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advantages of cell-free biomanufacturing such as non-natural amino acid incorporation or rapid
prototyping. More traditional biopharmaceutical companies such as Ipsen also recognized the util-
ity of cell-free, notably in the production of toxins since it can facilitate biocontainement and safety
measures and limit the risk of accidental exposition for production operators [52]. Further advances
in cell-free transcription translation led to the demonstration of its potential for the portable and
on-demand protein synthesis from lyophilized systems in a ”just-add-water” format[53, 54]. In-
deed, freeze-drying of the cell-free expression system allows for easier storage and distribution, and
simple production of the desired product upon rehydration. Moreover, lyophilization was shown
to completely remove any bacterial contamination from the cell-free system, making it ideal for
portable diagnostics and therapeutics applications [55]. This makes lyophilized systems ideal for
teaching purpose as well and we proposed it as an ”educational cell-free mini kit” in the EPFL

iGEM project 2017 and a similar concept was developed into the BioBits™ kits [56, 57, 58].

2.1.5 Decentralized cell-free manufacturing of biopharmaceuticals

While the approval of PEGylated-PAL (Palynziq) enzyme replacement therapy for PKU is a great
achievement, the centralized manufacturing of the enzyme, chemical modification with PEG, pu-
rification, cold storage and distribution [59], and taking into account the investments associated
with its development, translates in a year of treatment costing close to 200’000 $. Considering the
important research and development efforts which were necessary to develop Palynziq, it could be
even more difficult to see therapies developed for diseases with smaller patient cohorts, or where
the clinical benefits of enzyme replacement therapy would not be large enough to justify high
costs. Indeed, biologics and enzyme replacement therapies in particular are very expensive, but
manufacturers can argue that their proposition is cost-effective when considering quality adjusted
life years (QALYs) gained using the therapy, even though in some cases this calculation is not in
favor of enzyme replacement therapy [60]. In addition, there are difficulties in creating a biosimilar
market to increase competition and drive costs down [61]. As a result, a great tension is created
from the desire to produce ever more individualized therapeutics and addressing rare or neglected
diseases, while on the other end using bulk centralized production of biopharmaceuticals which
can be distributed to the largest market possible, or with exclusivity and control of pricing for
a prolonged period of time [62]. A completely different approach which would circumvent some

of the hurdles posed by the current model would be to completely decentralize the production of
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biopharmaceuticals for patients via magistral preparation [63, 64]. Schellekens et al. propose that
biopharmaceuticals could be produced using small scale bioreactors at the point-of-care for a unique
patient, which would exempt it from the usual regulations. They estimated the bedside production
of recombinant human a-glucosidase (thGAA) to 1491 §/gram compared to the 11’948 $/gram
of the commercial equivalent Myozme. A great concern in biopharmaceutical production is the
occurence of adverse events due to improper manufacturing. In centralized production, security is
improved by the quality management systems in place which reduce such events, but non-identified
problems can have consequences for a large number of patients. Moreover, failure to meet quality
requirements at the final formulation of the active ingredient is responsible for the majority of
shortages of injectable drugs [65]. This can be even more critical when the active ingredient is
produced in cells, where the contamination of a cell-line can result in shortages as was the case
in 2009 for Fabrazym, requiring a rapid decision on resource allocation to mitigate the effects of
the shortage on Fabry disease patients [66, 67]. These considerations point to potential advantages
of decentralized manufacturing where only one patient would be affected in case of a production
problem, and the production of biopharmaceuticals of clinical quality for human therapeutics has
been demonstrated at appropriately small scales using a Pichia pastoris expression system [68].

Although the lead time from sequence of interest to produced protein using this cell-based expres-
sion system was already considerd short at around 16 weeks, the use of cell-free expression systems
could drastically reduce it and allow true on-demand production of therapeutics [69]. Using a
lyophilized cell-free expression system would further facilitate the decentralized manufacturing of
proteins, with the rehydration of the shelf-stable extract with DNA instructions necessary for the
production of the desired biopharmaceutical, such as cytotoxic onconase [54], antimicrobial peptide
cecropin B or Diphteria vaccine [53]. The cell-free production is compatible with downstream pro-
cesses and the purification is even facilitated as no cell separation or cell-lysis step is required after
protein expression. This allowed researchers to recombinantly express and purify recombinant hu-
man erythropoietin (thEPO) and recombinant human granulocyte-macrophage colony-stimulating
factor (rhGM-CSF) in less than 24 hours [70, 71]. With a lyophilized cell-free expression system
and combining the expression and purification steps on a single microfluidic chip, Murphy et al.
[72] could even obtain purified active cecropin B within 6 hours. As an extreme use case of biophar-
maceuticals production in a low-resource setting, the NASA is conducting research programs using

cell-free expression for the biomanufacturing in space during long-term flights [73]. In this chap-
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ter, we will explore the cell-free production of the therapeutic enzyme AvPAL, hoping to further

strengthen the potential for decentralized manufacturing of biopharmaceuticals.
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2.2 Results

In this section, we present the results obtained for the cell-free expression of the therapeutic en-
zyme AvPAL in commercial and home-made lysate (2.2.1) and the use of dried cell-free systems
for decentralized protein production (2.2.1). We also present preliminary experiments exploring
methods to provide protection to the recombinant enzyme such as non-natural amino acid incor-
poration which could be used as reactive handles for PEGylation of AvPAL (2.2.3), or production

of protease resistant protein nanocompartments which can be loaded with a protein cargo (2.2.4).

2.2.1 Cell-free expression of PAL

A plasmid was ordered and synthesized through Integrated DNA technologies (IDT) which contains
the sequence for AvPAL codon optimized for expression in E. coli [74] and modified with 3 muta-
tions, C503S and C565S for reduced aggregation [27] and F18A for improved protease resistance
[28]. The plasmid also contains a T7 promoter and terminator, and a C-terminal hexahistidine tag.
The cell-free protein expression system was produced in-house according to the protocol from Kwon
and Jewett [46] and Sun et al. [45]. AvPAL was expressed from the plasmid template using either
a commercial Promega E. coli S30 extract for 1h or a home-made system for 3h. The 25 pL reac-
tion was supplemented with FluoroTect™ GreenLys tRNA to incorporate lysine-BODIPY in the
expressed proteins for subsequent on-gel fluorescence detection.

With this system, only newly synthesized proteins will incorporate the lysine-BODIPY and
made visible as bands on the gel, together with the charged-tRNAs themselves. This greatly helps
in confirming expression of proteins even at low concentrations which could not be visualized on a
coomassie-stained gel, or would be superimposed with other proteins present in the reaction mix.
We observe a clear single band slightly below the 63 kDa ladder mark in reactions where the DNA
template for AvPAL is added, close to the expected size of 64 kDa in the monomeric form. The
band is present both when a commercial Promega S30 T7 expression system for circular DNA
was used and when we used a home-made E. coli cell-free extract supplemented with an energy
solution provided by the group of Prof. Richard murray at Caltech [45]. The synthesis capacity
of the cell-free expression systems was also shown by the production of luciferase when using the
positive control circular DNA included in the commercial kit, as evidenced by a clear band slightly

above 32 kDa present when using either commercial or home-made extracts. This results show that
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Figure 2.1: Cell-free expression of AvPAL enzyme.

Fluorescent scan of an SDS page gel. The cell-free reaction was supplemented with tRNA-lysine-
BODIPY allowing in-gel fluorescent detection of synthesized proteins. A band of expected size above
60 kDa is observed both in the commercial and in the home-made cell-free expression system. The
included positive control also shows luciferase expression. Lanes: (1) ladder (2) blank (3) AvPAL
(4) luciferase (5) blank (6) AvPAL (7) luciferase. (2-4) Promega S30 T7 expression system, (5-7)

Home-made expression system.

the engineered therapeutic enzyme AvPAL can be expressed both in commercial and home-made
cell-free expression systems.

We next tried to scale-up the reactions performed using home-made cell-free extracts to 4 x 50
pL of reaction in order to synthesize sufficient protein for purification steps at a small scale. For
such low volumes, we used Ni-NTA spin columns (Qiagen) for the purification of the His-tagged
AvPAL enzyme. Aliquots of the reaction and of the different purification steps were loaded on an
SDS-page gel for an estimation of the synthesized and purified AvPAL (Fig. 2.2). It is difficult to
assess AvPAL expression in the reaction mixture loaded in the gel, as an endogenous band is present
in the cell-free extract around 64 kDa even without addition of template DNA. The band looks
slightly thicker when the AvPAL template DNA is added to the reaction, but it is hard to confirm

that AvPAL is expressed based on this observation. However, we see a strong band in the elution
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Figure 2.2: Cell-free expression of AvPAL enzyme and Ni-NTA spin column purification.
SDS page gel of endpoint reaction products and the different purification steps. Lanes: (1) blank
(2) AvPAL expression (3 and 4) flow-through (5 and 6) wash (7) ladder (8 and 9) elution

fractions 1 and 2 at around 64 kDa. Unfortunately, the eluate also contains other proteins and the
purity is not satisfactory as it appears to be below 50 % based only on the visual inspection of
the SDS-page gel. Even though we could not purify the AvPAL enzyme with sufficient purity, this
experiment allowed us, after purification, to visualize bands migrating at a distance corresponding
to the size of AvPAL and confirm its expression in our home-made cell-free expression system.

As the expression and purification of cell-free expressed AvPAL enzyme were difficult to as-
sess on a SDS-page gel due to the relatively low protein yields, we chose to directly evaluate the
enzymatic activity of cell-free expressed AvPAL. In order to evaulate the enzyme activity of the
cell-free reactions, we used a spectrophotometric assay to measure the enzymatic conversion of L-
phenylalanine into trans-cinnamic acid. Trans-cinnamic strongly absorbs UV light at 270 nm with

1in our system, and thus an increase in ab-

an extinction coefficient measured at 21700 M~ cm™
sorbance can be correlated to AvPAL enzymatic activity. As a positive control, we use recombinant
RgPAL (Sigma-Aldrich) which is supplied as a 7.4 mg/mL solution with 1 unit/mL specific activity.
One unit of enzyme is defined as converting 1 pmole of L-phenylalanine to trans-cinnamic acid at

pH 8.5 at 30°C based on the protocol provided by the supplier. The measured absorbance increase

was linear and allowed us to calculate an activity for the commercial solution of 7.32 units/mL
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Figure 2.3: Enzymatic activity of AvPAL cell-free reaction.

Absorbance increase at 270 nm after conversion of phenylalanine to trans-cinnamic acid. (A)
Commercial recombinant enzyme solution activity was measured for comparison at 7.32 units/mL.
(B) Activity measured from endpoint cell-free reactions after expression of AvPAL with different
relative DNA template input. 4 pL: 0.26 units/mL, 6pL: 0.33 units/mL, 8pL: 0.33 units/mL. DNA

template concentration of 134 ng/nL.

(Fig. 2.3, A), which is in close agreement with the expected 7.4 units/mL. In the same day, we
measured the activity of cell-free expression reactions of AvPAL directly from the reaction mixture,
without any purification step. The activity measured was as high as 0.33 units/mL(Fig. 2.3, B).
This activity per volume unit would correspond to an active enzyme concentration of 292 pg/mL in
the reaction mixture if we assume a specific activity of AvPAL of 1.13 units/mg as was reported by
Kang et al. [28]. A point to note is the initial higher absorbance measured for the cell-free reaction
mixtures compared to the blank or the commercial enzyme solution, which can be explained by the
presence in the cell-free reaction of molecules which are not related to the trans-cinnamic enzymatic
production but absorb at 270 nm, such as the DNA template used for expression. This could also
result from the conversion of L-phenylalanine present in the cell-free reaction and converted to
trans-cinnamic acid by the newly produced AvPAL. In any case, the initial absorbance does not
affect the estimation of activity per volume unit as only the slope of the absorbance increase in

linear regime is used for the activity calculations. By using a spectrophotometric assay, we could
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therefore demonstrate that cell-free reactions expressing AvPAL are enzymatically active in con-
verting L-phenylalanine to trans-cinnamic acid, and estimate a cell-free synthesis of close to 300

ng/mL of active AvPAL enzyme.

Figure 2.4: Cell-free expression of AvPAL enzyme and purification with magnetic par-
ticles.

SDS page gel of reaction products and the different purification steps. Lanes: (1) blank (2) AvPAL
expression (3) flow-through (4 to 6) wash (7) ladder (8) elution (9) dialyzed in PBS (10) dialyzed
in Tris-HCL.

Having demonstrated that the non-purified cell-free expressed AvPAL enzyme is enzymatically
active, we tried to improve its purification from the reaction mixture. For this purpose, we selected
a different small scale purification method by using Ni-NTA coated magnetic beads (MagneHis™
Promega). 5 x 50 pL reactions were pooled and purified following the standard protocol provided
by the supplier. The 250 pl. of reaction were eluted in a final volume of 500 pL. It was again
difficult to see the band corresponding to AvPAL expression in the reaction mixture, although we
see a slightly thicker and darker band at the expected size (Fig. 2.4). After elution however, we
observed a strong single band between the 50 kDa and 75 kDa protein ladder references. The visual
inspection suggested a good purity of the AvPAL protein, and we measured a protein concentration
of 340 pg/mkL in the eluate. Unfortunately, the enzymatic activity of the purified enzyme was only

0.04 units/mL, which was not improved when the purified enzyme enzyme was dialysed against
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PBS or Tris-HCI to exclude a potential interference of imidazole or other components of the elution
buffer (Fig. 2.5, A). This activity per unit of volume would represent a specific activity of around

0.1 units/mg of AvPAL enzyme, which is an order of magnitude lower than expected.
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Figure 2.5: Enzymatic activity of purified AvPAL or dialyzed AvPAL cell-free reaction.
Absorbance increase at 270 nm after conversion of phenylalanine to trans-cinnamic acid. (A) Ac-
tivity of purified AvPAL enzyme in elution buffer: 0.04 units/mL, and subsequent dialysis in PBS:
0.027 units/mL or Tris-HCI: 0.026 units/mL. (B) Activity of AvPAL cell-free expression reaction
endpoint directly dialyzed with a 20 kDa membrane in PBS: 0.43 units/mL and concentrated with
a 5 kDa cut-off centrifugal filter unit: 1.06 units/mL.

We again showed that the cell-free reaction expressing AvPAL yields a comparably strong
activity with 0.43 units/mL of reaction mixture, which was dialyzed in PBS to help remove any
potential interference with the enzymatic assay (Fig. 2.5, B). We could further maximize the
activity per unit of volume to 1.06 units/mL by simply concentrating the solution with a 5 kDa
cut-off centrifugal filter unit. In conclusion, while we show that the his-tagged AvPAL enzyme
could be purified from the cell-free expression reaction, the specific activity of the purified product
is greatly reduced. In the reaction mixture directly, and based on the expected enzyme specific
activity, we can estimate that close to 400 ng/mL of active AvPAL were synthesized. In comparison,
the maximum yields reported for cell-free expression systems based on E. coli extract are just a

little over 2 mg/mL for the synthesis of a model fluorescent protein [75].
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One advantage of using cell-free systems for the expression of therapeutic proteins or enzymes would
be the possibility to have distributed manufacturing of the cell-free expressed therapeutic. However,
the cell-free reaction components are usually stored in -80°C freezers which would make it very
difficult to use outside of a dedicated facility. We therefore tried to express AvPAL from a freeze-
dried cell-free expression system and assessed the cell-free expression system stability when stored
at room temperature. The cell-free reactions were assembled by combining all the components
necessary for the reaction, namely the cell-free extract, buffer, energy solution, and AvPAL DNA
template, and were immediately flash-frozen in liquid nitrogen and freeze-dried overnight. The
productivity of the rehydrated freeze-dried cell-free expression system was more than half of the
freshly prepared one (Fig. 2.6, A). After 1 week of storage, the productivity was still present, but it
was almost completely lost after 2 weeks of storage. We also tried using another freeze-dried system
using an extract from E. coli cells grown on 2xYTPG medium and a simplified energy solution,

but no activity was observed in any of the reactions (Fig. 2.6, B).
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Figure 2.6: Enzymatic activity of freeze-dried cell-free expression systems of AvPAL.

Bar plots of enzymatic activity observed in fresh or freeze-dried cell-free expression systems. (A)
Lysate preparation with cells grown on LB and standard energy solution. AvPAL enzymatic activity
is present after its synthesis in freeze-dried cell-free expression system. Fresh: 0.52 units/mL, freeze-
dried: 0.35 units/mL, +1 week: 0.20 units/mL (B)Lysate preparation with cells grown on 2xYTPG

and simplified energy solution. No significant enzymatic activity.
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Figure 2.7: Trehalose as a lyoprotectant for air-drying of cell-free protein expression
systems.

Plate reader fluorescence measurements of EGFP synthesis in cell-free expression systems. (A)
Addition of trehalose to CFPS allows for air-drying in a 37°C incubator with some residual EGFP
expression. (B) The lysate supplemented with trehalose was dried as 30 nL. drops either on a glossy
or matte side of a silicon mat. The pellets were rehydrated with water 3.5, 4 or 4.5 times their
dried weight. (C) Trehalose supplementation has a detrimental effect on EGFP synthesis with a

stop in expression and decrease in fluorescence after a few hours of reaction.

2.2.2 Lyopreservation of cell-free expression system

In this section, we develop on our attempts to establish a dried cell-free expression system to help
in its conservation at room temperature for easier distributed protein production. First, we tried to
replicate a protocol proposed by Karig et al. [76] which added the lyopreservative trehalose to cell-
free extract or to the complete cell-free reaction, and then air-dried the cell-free expression system
in a 37°C incubator. The dried reactions formed glassy pellets which could be easily recovered and
rehydrated with water to start the reaction. While we could still observe some EGFP expression,
the fluorescence measured on a platereader during the timecourse of the cell-free expression reaction
was much lower than in a normal reaction with reagents stored at -80°C and freshly thawed before
use (Fig. 2.7 A and B). Varying the proportion of water used to rehydrate the pellets did not
result in any marked change in EGFP expression (Fig. 2.7 B). The kinetics of the fluorescence
signal were highly unusual as there was an initial increase in EGFP signal followed by a decrease
in fluorescence. In batch reactions, a plateau in fluorescent signal is generally observed after a
few hours of cell-free protein expression as the EGFP synthesis is halted, but we never observed a

decrease in fluorescence. We measured again the cell-free protein expression kinetics of a freshly
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prepared reaction supplemented with trehalose, and we could observe the same decrease (Fig. 2.7
C). It is therefore probable that trehalose is responsible for an increased degradation of the EGFP
fluorescent signal, and also a potential interference with the transciption and translation of EGFP
from the template DNA, or with the DNA template itself. Although we could still obtain some
protein production with this air-dried system, the very low productivity would make it incompatible

with the distributed manufacturing of proteins required in significant quantities.
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Figure 2.8: Freeze-dried cell-free protein expression systems.
Plate reader fluorescence measurements of EGFP synthesis in freeze-dried cell-free expression sys-
tems. EGFP protein synthesis is possible with freeze-dried systems with close to 50 % productivity

retained. The freeze-dried expression system remains active for a week at room temperature.

Freeze-drying is another lyopreservation method which has been proposed for the preservation of
cell-free systems for their use in distributed diagnostics or therapeutics [77, 53]. The procedure for
the freeze-drying of cell-free systems required the use of snap freezing in liquid nitrogen, followed
by the sublimation of the aqueous phase in a low temperature vacuum. We assembled cell-free
protein expression reactions complete with extract, energy solution and DNA template which were
immediately snap frozen and freeze-dried overnight in a benchtop apparatus (Labconco) as was
also presented earlier for the expression of AvPAL (Fig. 2.6). Almost 50 % of the EGFP synthesis

yield is achieved compared to the freshly prepared reactions, and the productivity stays at similar
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levels after a week of storage at room temperature, while expression is almost completely abolished
after 1 month of storage (Fig. 2.8). We also produced E. coli BL21 DE3 extracts which were grown
on 2x YT or 2xYTPG medium instead of LB and used a simplified energy solution to supplement
the cell-free expression reaction. This protocol developed by Cai et al. [48] drastically reduces
the reagent costs of cell-free protein production by 95 %. The simplified solution contains only
T7 polymerase, amino acids, monophosphate nucleotides, glutamate as an energy source, buffering
agents, and removed most of the cofactors or high energy molecules usually provided. While the
protocol is greatly simplified, it still maintains very good EGFP synthesis yields, and also has a
favorable stability upon freeze-drying and storage at room temperature (Fig. 2.9). It should be
reminded however that this extract preparation and energy solution protocol was unfortunately not
compatible with the expression of AvPAL (Fig. 2.6). We note that the AvPAL template DNA used
in both the standard and simplified protocol were the same, and also that the cell-free expression
systems were from the same batch when expressing AvPAL or EGFP. Therefore, there must be
an incompatibility of the simplified cell-free expression system with the expression of AvPAL for

which there is no direct explanation based on our experimental results.

2.2.3 Non-natural amino acid co-translational incorporation

The open nature of cell-free systems allows for the direct introduction of different additives to the
reaction mixture. Here we explored the introduction of non-natural amino acids (nnAA) to the
cell-free expression system which can be later used as reactive handles for chemical modifications
of the expressed proteins, which would make it attractive for the facilitated PEGylation of ther-
apeutic enzymes. It is possible to use certain small nnAAs such as the methionine non-natural
analogue azido-homoalanine (AHA) for residue specific incorporation in bacterial cells [78], and
we tried AHA residue-specific incorporation in cell-free as it would not require any addition of
modified aaRS/tRNA pairs and was shown to work in cell-free [79]. The incorporation of an azide
group would permit the reaction with PEG derivatives using click-chemistry, such as using copper-
catalyzed azide-alkyne cyclo-addition [80] or copper-free azide reaction with strained alkynes [81].
We first used the PURE expression system (”protein synthesis using recombinant elements”) [44]
which presents the advantage of being virtually free of amino acids in the reaction mixture apart
from the ones supplied by the user. This allowed us to completely remove methionine and replace

it with AHA for residue-specific co-translational incorporation of this nnAA. Indeed, we show that
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Figure 2.9: Simplified cell-free protein expression system and freeze-drying.Plate reader
fluorescence measurements of EGFP synthesis in simplified cell-free protein expression systems.
(A) EGFP expression with CFPS systems using lysate from cells grown on 2xYTP, 2xYTPG or
LB, combined with standard energy solution (caltech) or simplified (cai). Only the 2xYTP or
2xYTPG grown lysates can be used in conjunction with the simplified energy solution (B) The
simplified CFPS systems can be freeze-dried and displays a good retention of EGFP synthesis

productivity after storage at room temperature for 1 or 2 weeks.

when the methionine in PURE expression system is replaced with AHA, we can synthesize EGFP
with co-translational incorporation, as evidenced by the band of same size and intensity as the
band obtained when using all standard amino acids (Fig. 2.10). We also confirm that omitting the
methionine impairs EGFP synthesis as no corresponding protein band can be observed on the gel,
indicating that no significant amount of methionine is present in the PURE system.

As the yields obtained with PURE are generally low compared to E. coli lysate systems and
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Figure 2.10: Cotranslational incorporation of L-azidohomoalanine using PURE expres-
sion system.

Fluorescent scan of an SDS-page gel electrophoresis. The cell-free reaction was supplemented with
tRNA-lysine-BODIPY allowing in-gel fluorescent detection of synthesized EGFP and 19 amino
acids (AA) excluding methionine. Lanes: (1) Ladder (2) 19 AA + methionine (3) 19 AA + L-
azidohomoalanine (4) 19 AA. A band of expected size around 30 kDa is observed when either

methionine or L-azidohomoalanine is added to the 19 AA mixture.

the costs are significantly higher per unit of produced proteins, we tried to incoporate AHA using
a lysate system. Recognizing that the F. coli extract should contain significant amounts of methio-
nine, we washed the extract extensively in Buffer A by repeated steps of dilution and centrifugal
concentration. The productivity of such ”washed” extract is significantly reduced and we also ob-
served that it was not compatible with the use of the simplified energy solution (Fig. 2.11, A).
Even after extensive washes of the extract, there is still protein synthesis present when the supplied
energy solution does not contain any methionine or AHA indicating that residual methionine is still
present in the washed extract (Fig. 2.11, B). These observations show that we would need to make
some significant improvement on the lysate expression system for residue-specific co-translational
incorporation of AHA, and it might be preferable to supplement the cell-free expression system with

plasmids encoding for an orthogonal aaRS/tRNA pair and use it in site-directed incorporation.
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Figure 2.11: Cotranslational incorporation of L-azidohomoalanine using lysate expres-
sion system.

(A) Plate reader fluorescence measurements of EGFP synthesis in normal and washed cell-free
protein expression systems. The CFPS is still active with a reduction in productivity when using
a standard energy solution, but is not functional when using the simplified energy solution. (B)
Fluorescent scan of an SDS-page gel electrophoresis. The cell-free reaction was supplemented with
tRNA-lysine-BODIPY allowing in-gel fluorescent detection of synthesized EGFP and 19 amino
acids (AA) excluding methionine. Normal lysate: (1) Ladder (2) 19 AA + methionine (3) 19
AA + L-azidohomoalanine. Washed lysate: (4) 19 AA (5) 19 AA + methionine (6) 19 AA +
L-azidohomoalanine (7) 19 AA. A band of expected size around 60 kDa is observed when omitting
methionine or L-azidohomoalanine pointing to lysate contribution to the available methionine pool.

Washed lysate did not suppress it and the expression appears lower.
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2.2.4 Cell-free expression of protein nanocompartments
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Figure 2.12: Cell-free expression of encapsulin protein nanocompartments.

SDS-page gel of endpoint cell-free reactions. Lanes: (1) Ladder (2) blank (3) encapsulin (4)
encapsulin-sfGFP 30aa tag (5) encapsulin-sfGFP 15aa tag (6) encapsulin-sfGFP b5aa tag (7)
encapsulin-sfGFP 5aa tag. A band corresponding to a megadalton protein assembly is observed in
the encapsulin expression reaction. No band is observed when using plasmids coding for encapsulin

and sfGFP with cargo-loading tags.

Another possibility we considered to protect cell-free expressed proteins or enzymes from degra-
dation was the use of protein nanocompartments called encapsulin. Encapsulin are compartments
composed of a single protein type which self-assembles into a 60-mer to form a spherical compart-
ment [82]. Proteins can be loaded inside these approximately 25 nm large compartments with the
help of a specific sequence at the C-terminus described as a cargo-loading tag. We first expressed
the proteins from the plasmids gifted by Professor David Savage through AddGene in a standard
home-made cell-free reaction, and we observe expression of encapsulin as evidenced by a band at
around 30 kDa which corresponds to the size of one monomer. We also note the presence of a band
at the very top of the gel which would correspond to the encapsulin megadalton assembly (60 x 30
kDa) (Fig. 2.12). On the same gel, we can see bands corresponding to the expression of sftGFP with

cargo-loading tags with a length of 30, 15 or 5 aminoacids. The sfGFP-encapsulin plasmids were
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Figure 2.13: Cell-free coexpression of encapsulin protein nanocompartments and sfGFP
cargo loading.

(A) SDS-page gel of endpoint cell-free reactions. Lanes: (1) blank (2) encapsulin (3) EGFP (4)
encapsulin-sfGFP 30aa tag (5) encapsulin-sfGFP 15aa tag (6) encapsulin-sfGFP 5aa tag (7-10)
same as lanes 3-6 with additional encapsulin template plasmid. (B) Fluorescent scan of a native
page gel electrophoresis. The fluorescence of EGFP derivatives can be observed directly in the gel.
When encapsulin is coexpressed with sftGFP having 30aa or 15aa cargo loading tags (lanes 9 and

10), a fluorescent band is observed on the top of the gel.

designed to allow the coexpression of encapsulin and the tagged sfGFP, but there was probably an

error in the received plasmids with the absence of an RBS before the encapsulin gene. To overcome
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this issue, we added two DNA templates in the same cell-free reaction when required: the plasmid
encoding for the encapsulin only and the plasmid encoding for the sftGFP with cargo-loading tag.
We observe again that the sfGFP-encapsulin plasmids do not yield any visible band for encapsulin
expression, but when we add the encapsulin plasmid to these reaction, there is a band present
on the top of the gel (Fig. 2.13 A). To demontrate that the sfGFP is loaded inside the protein
nanocompartments, we loaded the samples on a native gel and measured the sfGFP fluorescence as
it would not be denatured and still visible on a gel. We see a strong fluorescent signal on the top
of the wells where both encapsulin and sfGFP with 30 or 15 amino-acid tags plasmids are added
in the reaction (Fig. 2.13 B). We can therefore conclude that encapsulin and tagged sfGFP are
coexpressed and that sfGFP is loaded into the compartments for the two longer cargo-loading tags.
Finally, we tried to produce expression templates for a small monomeric phenylalanine hydroxylase
cvPAH fused with a cargo loading tags by assembly PCR, but we were not successful in obtaining
the desired PCR constructs. Moreover, additional protein engineering would probably be required
to successfully use enzyme-encapsulin nanoreactors, which discouraged us to further explore this

option for protecting the therapeutic enzyme.
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2.3 Discussion

In this work, we show that the therapeutic protein AvPAL can be expressed in cell-free expression
systems. We demonstrate that AvPAL can be purified at a small scale using magnetic beads,
with the purified enzyme displaying lower specific activities than expected. The cell-free reactions
expressing AvPAL have enzymatic activity in converting phenylalanine to trans-cinnamic acid with
activity around 0.5 units/mL of reaction. We also show that the cell-free expression system can be
freeze-dried and still produce active AvPAL, and that the freeze-dried system remains productive
for at least a week when stored at room temperature. While these results are encouraging, the
limitations we identified are mostly related to the costs associated with the production of AvPAL
for enzyme replacement therapy. Indeed, to produce the equivalent of a single dose of 20 mg of
AvPAL, at least 40 mL of cell-free reaction would be needed based on our experiments. With
an estimated cost of 30 $/mL of reaction using the standard method for the production of cell-
free extract and energy solution [45], this would amount to 1200 $ for a single dose, and this
only represents the costs associated with protein expression. Using a simplified system, the costs
per mL of reaction should be reduced by 95 % [48], which would represent 6% for a 20mg dose.
Unfortunately, while the simplified system was functional in expressing a fluorescent protein and was
compatible with freeze-drying, we could not express any active AvPAL. There are other optimized
systems for cell-free expression with yields up to 2.3 mg/mL of protein per reaction [75], and some
methods which could produce proteins at costs as low as 0.36 $/mg [83, 84], which could make
cell-free expression systems cost-effective. We recognize that cell-free expression of enzymes for
replacement therapies are particularly challenging due to the large quantity of product required
for every dose which are given repeatedly and on a long-term, making bulk production more cost-
effective and thus limiting the interest of decentralized manufacturing. However, whether it is for
enzyme replacement therapy or other biopharmaceuticals, we can expect technological advances
to further reduce the costs associated with cell-free production by increasing yields of reactions of
prolonging the duration of expression with continuous-exchange expression systems [85], and novel
microfluidic designs using continuous-exchange could eventually produce proteins at the point-of-
care with higher yields [86]. Forward-looking, we could imagine completely cell-free self-sustaining
systems for biopharmaceutical production, following recent advances in bottom-up engineering of

replication [87], use of in-vitro transcribed tRNAs [88], ribosomal RNA synthesis, assembly and
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translation [89], regeneration of protein components of the transcription-translation machinery [90],
and which could even be fueled by light [91, 92]. This could be combined with linear DNA templates
prepared by PCR assembly and amplification [93, 94], or plasmids obtained by in vitro cloning [95]
or benchtop DNA synthesizers such as the BioXp™ 3200 system [96], completely bypassing the

use of cells at any stage of the production of biopharmaceuticals.
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3.1 Introduction

3.1.1 Background

In the previous chapter, we presented the use of cell-free protein expression for the production of
recombinant AvPAL for enzyme replacement therapy. Regardless of the high costs associated with
cell-free production, we demonstrated that point-of-care production of an active PAL enzyme was
possible using a freeze-dried cell-free expression system. However, a challenge in the distributed
manufacturing of AvPAL for enzyme replacement therapy in phenylketonuria is that the production
of the enzyme alone would not be sufficient to provide an effective treatment. Indeed, some modifi-
cation of the enzyme would be required to protect it from proteolytic digestion or to prevent it from
eliciting an immune reaction. As presented in Chapter 2, Professor Thomas Chang, a pioneer in
the concept of creating ”artificial cells”, proposed to use semi-permeable microcapsules containing
hemoglobin and PAL as microreactors for oral delivery of PAL enzyme [18]. He identified that a
large source of circulating phenylalanine was not only directly from dietary intake, but also from
enteric recirculation of aminoacids [97]. Therefore, PAL enzyme encapsulated in semi-permeable
capsules would deplete pools of phenylalanine, while being protected from the degradation by pro-
teolytic enzymes in the digestive tract. Unfortunately, no recombinant enzyme was available at that
time, which effectively stopped the development or PAL enzyme encapsulation for oral delivery. It
is more than 20 years later, after recombinant PAL enzyme was available and could be engineered
for increased resistance to proteolytic digestion that the idea of oral enzyme delivery was revisited
[28, 14]. Recently, the company Synlogic used its synthetic biology expertise to engineer probiotics
expressing PAL as microreactors to lower phenylalanine levels, which entered phase II clinical tri-
als [15]. Interestingly, they could confirm the hypothesis of phenylalanine enterorecirculation by
injecting labeled phenylalanine subcutaneously in mice and measuring its increase in the gut, con-
firming the interest in having encapsulated PAL enzyme active in the digestive tract. Owing to the
availability of the recombinant PAL enzyme and its demonstrated clinical efficacy, together with
advances in droplet microfluidics, we were interested in reviving the concept pioneered by Professor
Thomas Chang of engineering microreactors of PAL protected by a semi-permeable capsule. Com-
bining a suitable encapsulation method with cell-free expression systems, one could even imagine
creating artificial protocells from the bottom-up which would express an active PAL enzyme and

be used for oral enzyme replacement therapy.
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3.1.2 Semipermeable microcapsules for enzyme immobilization

Encapsulation of active enzymes for oral enzyme replacement therapy would require the micro-
capsules to respond to a very extensive specifications list. The capsules production and material
should be biocompatible, have a thin semi-permeable shell, a small diameter and narrow size dis-
tribution, allow the encapsulation of enzymes and proteins, prevent their adsorption to the shell
material, resist to pH encountered in the digestive tract, and present good chemical and mechanical
stability. Indeed, the capsules should ideally completely retain their integrity during their passage
in the digestive tract, contrary to more commonly developed capsules providing a controlled release
of their cargo at specific locations by time-dependent or pH-dependent dissolution. Droplet mi-
crofluidic technology enables the production of polymer compartments with precisely defined size
and structure templated from multiple emulsions with a polymerizable middle phase. While it is
possible to use a water-soluble polymer precursor in the middle phase by using aqueous two-phase
systems (ATPS) with dextran [98] or PEG derivatives [99] as polymer precursors, neither could
show the successful encapsulation of proteins in semi-permeable capsules. The majority of middle-
phase polymer precursors are indeed hydrophobic compounds dissolved in organic solvant, such
as PEG-PLA [100, 101], methacrylic anhydride [102], polyurea [103, 104], pH-responsive copoly-
mers (DMAEMA- BMA-MMA) [105], , pNIPAM-PLGA + PEG-PLA [106], pH responsive PAA-
b-PMMA or DMAEMA- BMA-MMA [105], or photocurable ETPTA [107]. One drawback of using
water-immiscible polymer precursors in the middle-phase, is that most of the obtained polymerized
compartments are hermetic to the permeation of solutes. Kim et al. [108] however demonstrated
that semi-permeable polymeric shells can be fabricated by introducing an inert diluent, or porogen,
in the polymer precursor phase. Upon UV polymerization, the non-reactive porogen is excluded
from the forming polymer in a process called polymerization-induced phase separation (PIPS).
However, the drawback of the polymers used in this study and of most polymers obtained from
water-immiscible precursors is the hydrophobicity of the polymerized capsule shell, leading to pro-
tein adsorption and preventing the direct encapsulation of proteins or enzymes.

Recently, it was showed that PEG-diacrylate with a molecular weight of 250 g/mol (PEG-DA
250) can be used as a polymerizable middle phase for the production of double-emulsions with a
microfluidic capillary device [109]. The researchers also showed that poly-(PEG-DA 250) has a

hydrophilicity similar to hydrogels made from water soluble PEG-DA derivatives of higher molecu-
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lar weight. Such favorable characteristics allowed them to directly encapsulate fibrinogen without
noticeable adsorption to the polymer shell. However, the produced capsules were hermetic and pre-
vented even small molecule dyes to diffuse out of the capsules. To directly encapsulate biological
active substances in biocompatible semi-permeable capsules, we combined the favorable characteris-
tics of the low molecular weight PEG-DA 250 with pore formation through polymerization-induced
phase separation. In this work, we use a PDMS microfluidic device with a flow-focusing and
co-axial non-planar geometry which does not require any surface treatment to produce double-
emulsions of water-in-(PEG-DA 250)-in-water. In order to obtain semi-permeable capsules, we
used polymerization-induced phase separation (PIPS) to form pores of nanometric size in the cap-
sule shells. By encapsulating fluorescent cargoes of different sizes or placing empty capsules in
fluororophore containing solutions, we show that the capsules are semi-permeable with a size cut-
off around 40 kDa, allowing the direct encapsulation of proteins and enzymes while permitting
transport of smaller (bio)-molecules. Moreover, the capsules are easily stored and manipulated
owing to their chemical and physical stability. While the capsules were originally intended for PAL
enzyme encapsulation, we could not achieve satisfactory encapsulation of the therapeutic enzyme
with sufficient activity retention. However, to explore the broader potential of the microcapsules
we tried to encapsulate bacteria and yeast cells. Moreover, we could easily encapsulate streptavidin
or even streptavidin-coated magnetic beads which could serve to immobilize different biomolecules
inside the microcapsules compartments and leverage the ability of the capsules to communicate
with their environment for the development of different applications. As a demonstration, we im-
mobilized DNA strand displacement reactions on streptavidin encapsulated inside the liquid core
of microcapsules populations and implement a two-layer signalling cascade.

We believe that our biocompatible microcapsules could be interesting in the bottom-up en-
gineering of more complex biomolecular systems, eventually building non-dividing protocells for
example, and to provide a perspective on how our microcapsules compare to existing encapsulation
technologies, we will discuss the different types of compartmentalization used for cell-free reactions

in the next section.
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The section 3.1.3 has been adapted from a recent review. The text and figures presented below

are my original contributions, integrating discussions with co-authors and their feedback.

Reference: Laohakunakorn, N., Grasemann, L., Lavickova, B., Michielin, G., Shahein, A., Swank,
Z. and Maerkl, S.J. (2019). Bottom-up construction of complex biological systems with cell-free
synthetic biology. DOI: 10.5281/zenodo.3591964

This work (Laohakunakorn et al. [110]) was later published in Front. Bioeng. Biotechnol., 24
March 2020, DOI: 10.3389/fbioe.2020.00213

3.1.3 Compartmentalized cell-free reactions

Compartmentalizing cell-free reactions spatially segregates a bulk reaction into smaller units. In ad-
dition to being a fundamental requirement in the construction of artificial cells, compartmentalized
TX-TL opens up a number of scientific and practical opportunities, such as increased throughput
for screening, in vitro directed evolution, distributed computation, and programmable communica-
tion. Microwell plates with reaction volumes as low as 0.5 uL [111], and microfluidic devices with
volumes down to femtoliters [?], have been used to compartmentalize cell-free reactions.

Below, we will cover different types of compartmentalization including emulsions that allow
for the rapid generation of multiple small volume compartments; liquid-liquid phase separation
which can recapitulate naturally occuring crowded environments; hydrogels of natural or synthetic
origin that immobilize DNA or proteinaceous factors and similarly provide a favorable crowded
environment; liposomes which can provide a good starting point in the bottom-up assembly of
synthetic cells by encapsulating a gene expression system; and other membrane-enclosed compart-
ments with shells composed of polymers or protein-based materials that will expand the repertoire

of physicochemical properties and functionalities.

Emulsion-based compartments

Emulsion-based compartmentalization allows for the rapid production of reaction vessels with vol-
umes as low as femtoliters [126]. In vitro compartmentalization of TX-TL was first described in the
context of in vitro evolution when Tawfik et al. [127] encapsulated a TX-TL system together with a

DNA library of genes coding for an enzyme. Single copies of DNA templates were compartmental-
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ized in ~2 pum aqueous droplets dispersed in mineral oil, creating the crucial genotype-phenotype
linkage [128] which is required for selection and enrichment of improved enzymes. This eventually
allowed a complete cycle of directed evolution of phosphotriesterases to be carried out [129].

One major drawback of emulsions produced by bulk methods is the size polydispersity of the
obtained compartments (Figure 3.1A). This leads to enzymatic activity being convolved with noise

resulting from variation in droplet size, making it difficult to select droplets containing improved
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Figure 3.1: Compartmentalized cell-free reactions. Schematic representation of the different
strategies used to compartmentalize cell-free transcription translation reactions. (A) Emulsion-
based compartments: polydisperse water-in-oil droplets obtained by mechanical agitation, and
microfluidic production of monodisperse droplets. (B) Liquid-liquid phase separation: aqueous
multiphase systems containing cell-free transcription translation machinery [112], and representa-
tion of a complex coacervate. (C) Hydrogels: X-DNA linking template DNA and forming a DNA
hydrogel [113, 114], a DNA-clay hydrogel [115], hyaluronic acid [116] or agarose [117] functionalized
with DNA template, polyacrylamide hydrogel functionalized with Ni?T-NTA binding PURExpress
His-tagged proteins [118]. (D) Liposomes: rehydration of lipid films with an aqueous solution con-
taining TX-TL, droplet transfer method where a lipid-stabilized W/O emulsion is layered on top of
a feeding buffer and liposomes transferred to the bottom by centrifugation [119], double-emulsions
with ultrathin shells containing lipids in organic solvent [120, 121], and octanol-assisted assem-
bly [122, 123]. (E) Other compartments: polymersomes with membrane formed by amphiphilic
polymers, proteinosomes with amphiphilic peptides [124], alginate hydrogel coated with various

polymers, artificial cells with polymeric shell and liquid core containing a DNA-clay ‘nucleus’ [125].

enzymes. Dittrich et al. overcame this limitation using droplet microfluidics to generate monodis-
persed water-in-oil (W/O) droplets (Figure 3.1A) containing a TX-TL reaction expressing GFP.
However, their setup did not allow for the production of droplets containing single DNA copies
that gave rise to detectable signals, as would be required for in wvitro evolution. Using a more
efficient TX-TL system and stabilized W/O droplets, Courtois et al. were able to obtain efficient
transcription and translation from a single DNA copy [130], opening the door for high through-
put quantitative evolution experiments in droplets generated by microfluidics. Examples of these
include multiple screening rounds to enrich for active hydrogenase [131] and beta-galactosidase
enzymes [132].

The use of fluorogenic substrates in enzymatic assays can be problematic in surfactant stabilized
emulsions as transport of fluorophores can occur between droplets both in single [133] and double
emulsions [134]. Woronoff et al. demonstrated an alternative methodology where a proteinogenic
amino acid is released after enzymatic turnover and then incorporated in the translation of a
reporter protein [135]. Using this approach, they were able to screen for active penicillin acylase

enzymes in single gene droplets. The literature contains fewer examples of compartmentalized in
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vitro assays to screen for protein binders. However, two-hybrid and three-hybrid systems have been
developed in PURExpress supplemented with E. coli core RNAP enzyme [136]. Cui et al. used
such an in vitro two-hybrid system encapsulated in single-emulsion droplets to screen a library of
105 peptide binders in a single day [137].

Recent work using droplets has diversified beyond the high-throughput screening studies dis-
cussed in the previous paragraphs to encompass physical effects such as the influence of crowding
[138] or droplet size [139, 140, 141] on protein expression. Schwarz-Schilling et al. used W/O
droplets to compartmentalize streptavidin-coated magnetic beads which act as a scaffold on which
complex RNA-protein nanostructures can be built using TX-TL [142]. The high-throughput gener-
ation of such compartments is also attractive for the extensive parameter space mapping for genetic

network prototyping, as exemplified by the work of Hori et al. [143].

Liquid-liquid phase separation

Liquid-liquid phase separation occurs when a water-soluble molecule, generally a polymer, is mixed
with another aqueous solution containing either a high salt concentration or another water-soluble
polymer. Under certain conditions, the first polymer cannot dissolve in the second solution, and a
separation into two distinct phases occurs. The resulting ‘aqueous two-phase system’ (ATPS) can
form microscale, membrane-less compartments. The recent discovery that ATPS are ubiquitous in
cells has attracted much attention to better understand their role in cell physiology [144]. Recreating
cell-free transcription-translation reactions in these systems could help elucidate the properties of
such condensates.

Torre et al. prepared ATPS of dextran/poly(ethylene glycol) or three-phase systems (A3PS)
of dextran/poly(ethylene glycol)/ficoll containing TX-TL by vortexing in mineral oil [112] (Figure
3.1B). In the ATPS, expression of the reporter protein indicated preferential partitioning of the
TX-TL machinery to the dextran phase in the ATPS. The A3PS, on the other hand, exhibited
lower expression, which was attributed to separation of TX-TL machinery into the different dex-
tran and Ficoll phases, suggesting that different liquid phases could differentially partition TX-TL
components.

When a liquid-liquid phase separated compartment consists of a condensate of biological poly-
mers, it is most commonly referred to as a coacervate (Figure 3.1B). These coacervates are charac-

terized by a high degree of macromolecular crowding, exhibiting protein concentrations of up to 272
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g/L [145], similar to the E. coli cytosol. Such crowding can profoundly influence gene expression.
Sokolova et al. used a microfluidic device to osmotically concentrate droplets containing lysate,
and observed the formation of coacervates in lysate containing 2% PEG-8000 [146]. The resultant
reporter gene expression was higher in coacervates than in single phase droplets. The work demon-
strated that transcription rates were enhanced in the crowded environment of coacervates, offsetting
the lower translation rate. Such observations are in agreement with previous studies in bulk cell-
free reactions where macromolecular crowding enhances transcription and impairs translation [147].
To generate monodisperse coacervates in high throughput, Tang et al. [148] produced coacervates
using a microfluidic device [149] starting from a mixture of carboxymethyl-dextran/polylysine and
TX-TL. However, they observed lower gene expression in coacervates compared to the bulk reaction,
with results suggesting charge-induced precipitation of the reporter protein after its production.
This again indicates that protein expression is sensitive to the partitioning of the TX-TL machinery

and that the charge of the coacervate and crowded environment can have opposite effects on yields.

Hydrogels

Similar environments to coacervates are found in hydrogels, where a highly porous hydrated network
provides a crowded environment. Forming gel micropads by cross-linking X-shaped DNA entrapping
plasmid DNA, or P-gel, Park et al. obtained an up to 94-fold increase in protein production
compared to a standard batch reaction [113, 114] (Figure 3.1C). They explained the increase in
expression by an enhanced transcription rate due to the higher proximity of gene templates in the
crowded DNA gel environment. The P-gel has also been prepared in a microdroplet format [150]
and the microgel format was modified with Ni?t-NTA to allow the immobilization of the expressed
protein on the surface of the microgel [151].

The same group showed that TX-TL was also increased in the presence of a clay hydrogel, which
spontaneously forms when mixing hydrated clay in the presence of an ionic solution [115](Figure
3.1C). DNA and RNA molecules localize to the clay hydrogel and are protected from enzymatic
degradation by nucleases. The clay-DNA hydrogels were also formulated into microgels containing
magnetic nanoparticles allowing for multiple successive TX-TL reactions after recovery of the mag-
netic microgel and refreshing of the TX-TL mixture [152]. Finally, clay-DNA microgels have been
used as artificial nuclei inside W/O emulsions [152] or inside permeable polymeric capsules [125].

Thiele et al. prepared hyaluronic acid functionalized with DNA template and produced porous
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hydrogel microparticles, which were further encapsulated in droplets containing TX-TL [116] (Fig-
ure 3.1C). They observed efficient GFP protein expression proportional to the number of encap-
sulated DNA hydrogel beads, with the fluorescent protein diffusing inside the droplet. By using
mRNA molecular beacons, they show that the transcribed mRNA remains trapped in the hyaluronic
acid/DNA hydrogel, suggesting that transcription and translation both take place inside the hy-
drogel.

Aufinger et al. prepared agarose functionalized with alkynes and coupled to azide-modified
DNA, and used it to prepare hydrogel-DNA ‘organelles’ [117] (Figure 3.1C). Transcription or-
ganelles contained template DNA coding for mVenus with a toehold switch on the 5’ end of the
mRNA whereas the translation organelles were functionalized with the corresponding toehold trig-
ger. These organelles were re-encapsulated in W/O droplets containing TX-TL, and mVenus ex-
pression was observed only in droplets containing both the transcription and translation organelles.
As these organelles can offer spatial organization of complex reactions while providing continuous
exchange with the environment, they are useful for building more complex modular systems.

Whereas the previous studies focused on immobilizing the DNA template inside hydrogels, Zhou
et al. immobilized the complete set of PURExpress His-tagged proteins on a polyacrylamide gel
functionalized with Ni?T-NTA [118] or an anti-His-tag aptamer [153] (Figure 3.1C). The His-tagged
proteins, ribosomes, and template plasmids are placed on pre-dried hydrogel particles, which effec-
tively traps the ribosomes and plasmids in the hydrogel network by convection when rehydrated.
Sustained gene expression is observed for as long as 11 days when the cell mimics are constantly

supplied with fresh feeding buffer.

Liposomes

Liposomes are compartments encapsulated by a lipid bilayer similar to a cell membrane, making
them attractive for the encapsulation of cell-free systems. Liposome technology has been recently
reviewed by Stano [154]. Early studies used a film hydration method, where the reaction mix
rehydrates a dried lipid film to produce liposomes encapsulating TX-TL (Figure 3.1D). This was
deployed to translate peptides [155], proteins [156, 157, 158], and finally a more complex genetic
cascade [159]. Noireaux and Libchaber [119] presented a more convenient method of liposome
production called droplet transfer, where a lipid stabilized emulsion of the reaction is first formed in

oil and then layered on top of the feeding solution (Figure 3.1D). Liposomal vesicles are subsequently
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formed by centrifugation. By producing a-hemolysin in situ, which assembled to form pores in the
liposome membrane, they were able to constantly supply feeding buffer to the encapsulated reaction
and increase the duration of expression up to almost 100 hours.

An interesting improvement in the lipid film rehydration method was presented by Nourian et
al. where they dried the lipid films on 200 pm glass beads and rehydrated them with PURExpress
[160]. This allowed them to use low reaction volumes to produce liposomes in high yield and
with high encapsulation efficiency. Moreover, they used phospholipids with shorter acyl chains to
produce semi-permeable liposomes and incorporated biotinylated lipids for efficient immobilization
of the vesicles on microscope slides.

Droplet microfluidics allows for the generation of double emulsions with ultrathin shells where
the middle phase contains dissolved lipids and forms unilamellar vesicles after evaporation of the
solvent [161] (Figure 3.1D). Ho et al. used this technology to encapsulate a mammalian cell-free
system with very high encapsulation efficiency, and observe expression of GFP in the interior of
the vesicles as well as expression and assembly of a trans-membrane protein [120]. However, they
observed in a consequent study that the surfactant necessary for double emulsion led to aggregation
of the mammalian cell-free system [121].

By using triblock copolymer surfactants, Deng et al. could control the dewetting of the inner
water drop from the middle organic phase thus forming perfectly unilamellar and uniform liposomes,
in addition to solvent droplets that could be easily separated [162]. A hierarchical assembly of
liposomes inside other liposomes, or vesosomes, through multiple successive encapsulation and
dewetting was also demonstrated [163]. In wvitro transcription of Spinach RNA was carried out in
the interior ‘nucleus’ liposome and translation of mRFP in the surrounding ‘cytoplasm’ liposome,
showing great potential towards bottom-up assembly of complex biomolecular structures, even
though controlled transfer of mRNA from the interior to the surrounding liposome remains to
be implemented. Finally, a similar method called octanol-assisted liposome assembly (OLA) was
developed where the middle phase alkane solvents are replaced by octanol containing lipids and
undergo rapid dewetting, which could further increase the efficiency and biocompatibility of the

encapsulation method [122, 123] (Figure 3.1D).
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Other membrane compartments

Other types of membrane compartments have also been used for cell-free protein expression, such as
polymersomes, protein-based membranes, and polymeric shells (Figure 3.1E). Although there exist
many different strategies and materials to make capsules [164], the conditions necessary for their
production often prevent encapsulating cell-free systems. Martino et al. [101] used a microfluidic
capillary device to generate template double-emulsion for the direct encapsulation of a cell-free
expression system inside polymersomes composed of PEG-b-PLA copolymer and PLA homopolymer
to increase their stability. They successfully expressed an MreB protein which formed patches inside
the aqueous core and also adhered to the membrane.

Vogele et al. used a film rehydration method similar to the one used for liposome production but
with amphiphilic elastin-like peptides as building blocks, which formed vesicles upon rehydration
with a TX-TL system [124] (Figure 3.1E). They demonstrate that the expression of the elastin-like
peptide led to its successful integration into the membrane and an increase in the size of the vesicles
after a few hours of expression. Schreiber et al. also used amphiphilic peptides to form vesicles and
encapsulate a cell-free expression system, and show the production and incorporation of amphiphilic
peptide in the membrane [165]. It will be interesting to see in future studies if pore-forming proteins
can be incorporated in these ‘growing’ protein-based membranes, which might allow for prolonged
and higher protein expression, as was observed for cell-free protein expression in liposomes. By
encapsulating a cell-free extract in millimeter-sized alginate beads coated with polycationic chitosan
[166], silica [167], or polyethyleneimine [168], researchers could show continuous expression of eGFP
(Figure 3.1E). However, the core of the capsules presented in the previous studies is in a gel format
and it is difficult to assess how well the capsules perform as no absolute quantification of the protein
levels was provided.

To our knowledge, the only example to date where cell-free protein expression was demonstrated
in liquid core-solid shell polymeric capsules was by Niederholtmeyer et al. where they produced
porous polyacrylate capsules containing a DNA-clay hydrogel nucleus [125] (Figure 3.1E). The
capsules’ pores are large enough to allow access by large macromolecules including ribosomes.
Transcription-translation from the template DNA immobilized in the clay-DNA hydrogel ‘nucleus’
can be achieved by immersing the capsules in a cell-free expression system. But, as the shell material

leads to adsorption of proteins on the capsule surface and the pores are too large to retain the TX-
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TL machinery, the direct encapsulation of cell-free systems inside polymeric capsules remains to
be demonstrated. Such direct encapsulation in synthetic polymeric capsules would be valuable as
they could present attractive properties such as high mechanical and chemical stability, as well as

tunable porosity, based on the type of shell material and the fabrication method used.

Physical effects of compartmentalization

The effect of the compartment size and interface composition can have notable effects on gene
expression. Initial work in Yomo’s group showed that expression in sub-picoliter PDMS compart-
ments severely hampered GFP synthesis, whereas quartz glass microcompartments passivated with
amino acids showed expression as high as 41% of the test tube reaction with no dependence on
compartment volume in a range from 40 fL to 7 pL [169]. They later showed that synthesis of
B-glucuronidase (GUS) with fourth-order reaction kinetics was favored in smaller compartments
while GUS substrate depletion was rapidly occurring, pointing to an ideal compartment volume
[139, 170].

No size dependence on GFP synthesis was observed in a range from 1 to 100 gm in liposomes
composed of a mixture of different phosphatidylcholine (PC) or phosphatidylglycerol (PG) lipids
and cholesterol [171], in contradiction to previous reports where PG had inhibitory effect on pro-
tein synthesis [172]. In lipid stabilised droplets, the charge of the lipid used could also influence
the synthesis rate, but in this case the relatively more negative PG lipid was favoured over phos-
phatidylethanolamine (PE) or PC [141]. Sakamoto et al. [140] proposed a model with three regimes
where there could be activation, no regulation, or repression at the surface. In droplets stabilized
by PC lipids, they observed protein expression that did not scale with the droplet volume R3, but
with R* for droplets with radii below 17 pm, suggesting surface repression in their system. Other
effects could explain variations in fluorescence intensity, such as the exchange of solutes between
droplets which is influenced by the composition of the carrier oil, lipid or surfactant, as well as the
radius of the droplets [134].

The compartmentalization of biochemical reactions in smaller volumes increases the gene ex-
pression stochasticity as only a few molecules are present in each compartment. Hansen et al. [138]
suggest that such randomness can be explained by extrinsic noise, which results from the Poisson
distribution of encapsulated reagents of the cell-free system, and intrinsic noise, which results from

molecular crowding and other parameters such as the stochasticity of the gene expression reac-
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tions or relative plasmid distributions. They co-encapsulated CFP and YFP plasmids in droplets
with varying levels of crowding, and observed an increase in intrinsic noise with increased levels
of crowding. Intrinsic noise in gene expression can also arise from the stochastic partitioning as
was strikingly observed in liposomes prepared in dilute solutions of transcription-translation sys-
tem [173]. A small number of compartments (< 0.5%) displayed detectable eGFP gene expression,
whereas no expression occurred in free solution raising interesting questions about the mechanism
of loading of the solute mixture.

High variability in gene expression was also observed in liposomes prepared in PURE solutions
of normal concentration and interestingly gave rise to some compartments displaying particularly
high or long lasting gene expression [174]. These large variations due to stochastic partitioning are
interesting as a mechanism to generate diversity in the population, as recently discussed in a review
by Altamura et al. [175]. Understanding and harnessing these physical effects of compartmental-

ization potentially offers yet another way of controlling cell-free gene expression.

Communication

Cellular communication is fundamental in biology and responsible for many processes ranging from
development to tissue homeostasis. Following the successful developments in compartmentalizing
cell-free systems, the next logical challenge consists of engineering inter-compartment communica-
tion. On-chip artificial cells consisting of DNA brushes were interconnected in series by microfluidic
channels, and communication is achieved by diffusion of molecules, which can be tuned by adjusting
channel geometry [176] (Figure 3.2A). Diffusion of a 02 activator from one compartment to the
next led to sequential switching of a bistable genetic circuit. In a follow-up study, Tayar et al.
used a non-linear activator-repressor oscillator in compartments coupled by diffusion and observed
that the oscillators could be synchronized and tuned by geometric control of diffusion [183]. A key
demonstration was that such reaction-diffusion systems could spontaneously form spatial patterns
in good agreement with theory.

Moving away from microfluidic chips could potentially allow for the engineering of more com-
plex, dynamic consortia of communicating compartments or even tissue-like assemblies. Schwarz-
Schilling et al. used capillaries to align W/O droplets encapsulating cell-free extracts as well as
E. coli cells [177] (Figure 3.2B, top). The bacteria and cell-free systems contained either an AND

gate circuit expressing GFP in response to isopropyl -d-1-thiogalactopyranoside (IPTG) and acyl
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homoserine lactone (AHL), or a sender circuit producing AHL in response to IPTG. Communi-
cation could be established between sender droplets and droplets containing the AND gate, in a
cell-free-to-bacteria or bacteria-to-cell-free direction.

Dupin et al. used a micromanipulator to arrange multiple directly adjacent W/O droplets
in a lipid-in-oil bath, forming a lipid bilayer interface between the compartments [178] (Figure
3.2B, bottom). They show direct communication between sender droplets containing arabinose
(ARA) or AHL and droplets containing a responder circuit. By using an incoherent feed-forward
loop genelet circuit containing an RNA binding to 3,5-difluoro-4-hydroxybenzylidene imidazolinone
(DFHBI), they observe the propagation of the DFHBI signal along multiple successive intercon-

nected droplets. Finally, by encapsulating a positive feedback circuit expressing a-hemolysin in
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Figure 3.2: Communication using cell-free transcription translation. Schematic representa-
tion of the different platforms using cell-free transcription translation reactions for communication.
(A) Artificial cells on chip: DNA compartments are connected to a cell-free reaction feeding chan-
nel and interconnected by another capillary allowing the coupling of the compartments [176]. (B)
Emulsion droplets: top, water-in-oil droplets containing small molecule activators, bacteria or cell-
free genetic circuits arranged in a glass capillary [177]; bottom, multiple lipid-stabilized droplets
assembled with a micromanipulator with some droplets containing pore forming a-hemolysin [178].
(C) Sensing and communication with liposomes: liposomes encapsulating histamine-sensitive ri-
boswitches [179], mechanosensing using MscL pores [180, 181], light-driven ATP synthesis using
bacteriorhodopsin and ATP synthase [91], and two-way communication between liposomes and
bacteria using various AHLs [182]. (D) Eukaryotic cell mimics: microporous polymeric capsules
containing a DNA-clay hydrogel 'nucleus’ are immersed in cell-free transcription translation. The

expressed T3 polymerase can diffuse and activate transcription-translation in another compartment.

response to ARA, they observe an increased variability in protein expression levels among droplets,
which they describe as ‘a primitive form of cellular differentiation’.

Liposomes can more closely recapitulate cellular systems. Lentini et al. rehydrated liposomes
containing a genetic circuit using a riboswitch responding to theophylline to express a-hemolysin
and release co-encapsulated IPTG (Figure 3.2C). By incubating E. coli with these liposomes acting
as signal translators, the bacteria could effectively respond to theophylline in the medium [184].
They later demonstrated that two-way communication is possible between the artificial cells and
bacteria by responding to and secreting different AHLs [182] (Figure 3.2C). They even devised a
‘cellular Turing test’ where they compare the expression of quorum sensing genes of V. fischeri in
the presence of either artificial cells or in a consortium of bacteria. They measure that the artificial
cells would be 39% ‘life-like’, but warn that this estimation does not consider that the artificial
cells are not fully genetically encoded. Rampioni et al. [185] developed synthetic cells which could
send quorum sensing molecule C4-HSL to the pathogenic P. aeruginosa. Such synthetic cells could
have interesting theranostic applications once equipped with additional sensing capabilities such as
those discussed in this section.

Two-way communication has been implemented in various contexts, from buffer conditions ideal

for artificial cells, to more simple environments such as water or PBS [186]. Other communication
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modalities have also been explored, such as osmoregulation using a mechanosensitive MscL channel
incorporated into liposomes, which opens due to membrane stress in hypotonic environments [180,
181]. Impressively, Berhanu et al. encapsulated proteoliposomes containing ATP synthase and
bacteriorhodopsin inside liposomes [91] (Figure 3.2C). The artificial cells were able to convert
photons to a proton gradient inside the proteoliposomes and drive the synthesis of ATP by ATP
synthase, fueling the TX-TL system, effectively making these artificial cells capable of light sensing
and even photosynthetic activity.

More complex communication between liposomes was presented by Adamala et al., where they
use artificial cells containing either bacterial or mammalian TX-TL systems and use small molecules
to communicate between the prokaryotic and eukaryotic artificial cells containing different genetic
circuits and cascades [187]. However, the sensing of small molecules is limited to known transcip-
tional regulators or the theophylline riboswitch. Dwidar et al. engineered a riboswitch for the
biologically relevant small molecule histamine into liposome-based artificial cells, which could re-
spond to the presence of histamine in a variety of programmed ways [179] (Figure 3.2C). Finally,
liposome-based artificial cells expressing Pseudomonas exotoxin A were injected in vivo inside
mice tumors and an increase in caspase activity was shown [188], suggesting their potential use in
therapeutic or diagnostic applications.

One major limitation of liposomes is the difficulty in implementing signaling mediated by protein
factors, as only small signalling molecules can cross the lipid bilayer with the help of the a-hemolysin
pore. The polymeric capsules presented by Niederholtmeyer et al. (as discussed in section 3.1.3) are
permeabilized by 200-300 nm pores, allowing for the exchange of polymerases and even ribosomes
[125]. The authors show a basic form of quorum sensing where the reporter expression increases
sharply at a threshold of 400 cell-mimics per 4.5 pul. droplet of TX-TL.

Models have been recently proposed to help understand and implement communication us-
ing cell-free systems. These include studies of quorum sensing [189] and the design of spatially
distributed compartments [190]. More complex spatial assemblies of compartments capable of
communication [191], combined with computation by cell-free TX-TL genetic circuits or other in
vitro computation methods (such as DNA strand displacement reactions [192], the Polymerase-
Exonuclease-Nickase (PEN) DNA toolbox [193], or transcriptional ‘genelet’ circuits [194]), and in-
tegration with orthogonal technologies such as electronics [195] may one day allow for the bottom-up

engineering of programmable tissues with distributed functional capabilities.
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3.2 Towards microcapsules templated from double-emulsions

This section presents the initial steps conducted during my project leading to the final proto-
col using water-in-(PEG-DA 250)-in-water together with polymerization-induced phase separation
(PIPS) to produce semi-permeable and biocompatible poly-(PEG-DA 250) microcapsules. We first
present the use of water-in-water-in-oil (W/W/O) production using a fluorinated oil and fluori-
nated surfactants, with PEG-DA 575 as an aqueous middle phase with the idea of using aqueous
two-phase systems to generate capsules. Next, we adapted the protocol to use a mineral oil outer
phase using commonly available surfactants such as Span-80. As these methods would lead to the
production of microspheres and not microcapsules due to insufficient phase-separation, we tried
to modify the aqueous innerphase by supplementing it with a highly hydrophilic polysaccharidic
polymer. Trying to obtain phase separation, we used a high concentration of photoinitiator in
the oil phase to act as a separating agent which would draw the PEG-DA rich phase towards the
water/oil interface. As methods relying on phase separation were not robust in the production
of microcapsules, we explored using a middle phase which could be directly UV polymerized. We
started using PEG-DA 250 due to its immiscibility with both water and mineral oil, and potentially
better characteristics than other UV polymerized acrylate polymers. Using mineral oil as an outer
phase, it was difficult to prevent the double-emulsion from dewetting, even with the addition of
surfactants. We next explored using a production system completely avoiding the use of oil by
directly using water-in-(PEG-DA 250)-in-water, and supplementing the water phases with PVA to
act as a surfactant. The double-emulsion stability was limited and required some optimization of
the different phases compositions, notably aiming to have similar phase densities. The addition of
a surfactant to the middle phase was next evaluated which finally allowed the robust production
of microcapsules. However, the obtained capsules were mostly impermeable to small solutes, so
we explored the addition of an inert diluent or porogen to the PEG-DA 250 middle phase. By
using butyl-acetate as a porogen, we could finally obtain semi-permeable microcapsules when UV

intensity was sufficient and not blocked by the use of UV-absorbing tubes.

Fluorinated oil outer phase

The initial strategy for the production of semi-permeable microcapsules was to use W/W /O double

emulsions, which is an aqueous two-phase system in oil emulsion. The system was chosen with
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Figure 3.3: Fluorinated oil continuous phase for the production of W/W /O double-
emulsions. Preliminary experiments using fluorinated oil HFE with fluorinated surfactants as
continuous phase. The high salt inner phase is not phase separating from the PEG-DA and leads

to the production of microspheres.
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the perspective of using PEG-diacrylate as polymerizable middle phase for the production of a
biocompatible hydrogel shell. For these intial steps, we largely benefited from the expertise of
Professor Esther Amstad’s group (SMaL) at EPFL, and their advice in the fabrication and operation
of non-planar PDMS device for the production of double-emulsions. We used a fluorinated oil
together with fluorinated surfactants developed in their lab based on triblock copolymers of PEG
and perfluorinated polyether [196]. The operation of the device required a surface treatment of the
collection channel with a silane compound to prevent the wetting of the channel walls and failure
of the double-emulsion production. We could obtain some droplets using such device and fluid
components, but we were not successful in obtaining a proper aqueous two-phase system inside the
droplets. We used a high salt inner phase with 15% NaCl and a middle phase with 50% PEG-
DA 575 g/mol which did not phase separate in the emulsion. This resulted in the formation of

poly-(PEG-DA 575) microspheres and we could not obtain any microcapsules (Fig. 3.3).

100 um

Green fluorescence

Figure 3.4: Mineral oil continuous phase for the production of W/W/O double-
emulsions. Preliminary experiments using mineral oil with Span80 non-ionic surfactant as contin-
uous phase. The aqueous inner phase is not phase separating from the PEG-DA and leads to the
production of microspheres. EGFP contained in the inner phase is trapped in the poly-(PEG-DA
575) hydrogel formed after UV polymerization.

Mineral oil outer phase

After setting up a dropmaking station in our lab with three computer-controlled syringe pumps

(New Era), we did a few unsuccessful initial trials of using fluorinated oil and surfactants with

62



persisting problems of channel wetting or droplets coalescence, preventing the production ofmicro-
capsules. We then turned to mineral oil and commercial non-ionic surfactants instead as they were
readily available in the lab. It was still possible to generate droplets, and we tried to encapsulate
EGFP as a model protein in the interior of the capsules. However, we observed again that there was
no phase separation of the two aqueous phases, resulting in the formation of poly-(PEG-DA 575)
microspheres. The EGFP protein fluorescent signal was observed in the polymerized microspheres

as inhomogeneous bundles of fluorescent material (Fig. 3.4).

A Emulsion B Polymerized
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Figure 3.5: Addition of highly hydrophilic polysaccharidic polymer for improved phase
separation. Ficoll-400 was added to the inner phase to help in the formation of the aqueous two-
phase system. Some outer ring in the produced droplets is visible in the emulsions. The appearance

after polymerization suggests the formation of hydrogel microspheres.

Aqueous two-phase system

In order to improve the phase separation between the two aqueous phases, we added Ficoll-400,
a highly hydrophilic polysaccharidic polymer, to the inner phase and kept using PEG-DA 575 as
a middle phase. After production, it appeared that a thin rim was created on the droplets which
could indicate phase separation. However, after UV polymerization we obtained only microspheres
(Fig. 3.5). It is possible that the outer rim was actually composed of the Ficoll-rich phase while the
center of the droplets was the PEG-DA 575 rich phase, leading to the formation of microspheres after
polymerization. It is also possible that the double-emulsion dewets before or upon polymerization.

We tried adding a surfactant in the middle phase, but could not obtain microcapsules.
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Emulsion

Figure 3.6: Addition of DEAP photoinitiator in the continuous phase as a separation
agent. A photoinitiator (DEAP 30 %) is added to the continuous phase to help in phase separation.
The middle phase is composed of 20 % PEG-DA 575 with (A-B) 50 % lysate or (C-D) 10 % PEG
8000. No improvement was observed in phase separation in the emulsions. Some capsules could
be obtained after UV polymerization with a fragile thin shell after polymerization at the droplet

water/oil interface.
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A Emulsion B Polymerized

Figure 3.7: Addition of HMPP photoinitiator in the continuous phase. A photoinitiator
(HMPP 5 %) is added to the continuous phase only. The emulsions evolved to different morphologies
depending on their PEG-DA 575 content. 10 % PEG-DA emulsions (A-B) evolved into what
resembles a pickering emulsion stabilized by PEG-DA microdroplets. 25 % PEG-DA emulsions (C-
D) formed joined aqueous-rich and PEG-DA rich dewetted droplets which were both polymerized

after UV exposition.
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Separation agent

Although we did not exhaust ways to improve the phase separation by modifying the inner and
middle phase compositions, we decided to try another strategy to help the phase separation as
was proposed by Choi et al. [197]. They proposed the use of a photoinitiator (2,2-diethoxy-
acetophenone, DEAP) dissolved in a high 30 % (w/v) concentration in the outer oil phase to act
as a separation agent. We could not see any phase separation in the obtained emulsions, but we
obtained some microcapsules after UV polymerization (Fig. 3.6). It is not clear however if the
photoinitiator helped in phase separation, or simply that its high concentration in the outer phase
and absence of photoinitiator in the inner and middle phase resulted in a small outer layer of the
droplets being polymerized. We also tried adding the photoinitiator usually added to the PEG-DA
middle phase (2-hydroxy-2-methyl-propiophenone, HMPP) directly in the outer oil phase at a 5 %
(v/v) concentration. Again, we could obtain some particles of different morphologies depending
on the concentration of PEG-DA 575 used in the middle phase. Some further exploration of the
different phases compositions might result in the finding of appropriate conditions for the production
of W/W /O double-emulsions. However, the difficulties in operation, poor stability of the emulsions
and unclear contributions of various factors to the final morphologies of the obtained particles led

us to explore different ways to produce microcapsules templated from double-emulsions.

Water-in-(PEG-DA 250)-in-oil

During our initial tests, one observation we made during was that PEG-DA with the lowest molec-
ular weight of 250 g/mol was not miscible with water. This seemed as a problem since we could
not dilute it with water as was done for PEG-DA 575, and it was not possible to form emulsions
when we used it in an experiment with a fluorinated oil outer phase. However, we realised that its
immiscibility with water would make it possible to produce double-emulsions with a PEG-DA 250
middle phase. The polymerized poly-(PEG-DA 250) would then provide a good shell material as an
alternative to other photocurable acrylate oils such as ethoxylated trimethylolpropane triacrylate
(ETPTA) or trimethylolpropane triacrylate (TMPTA). Our first experiments aimed at producing
water-in-(PEG-DA 250)-in-oil double-emulsions as templates for the production of microcapsules.
Even though the production of such double-emulsions was possible in the non-planar microfluidic

chip, the double-emulsion stability was very limited when we observed them on a cell-counting slide
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Figure 3.8: Water-in-(PEG-DA 250)-in-oil double-emulsions. Using PEG-DA 250 as a mid-
dle phase, it is possible to generate double-emulsions and obtain microcapsules after UV polymer-
ization. Both 4 kDa FITC-dextran (A-B) and rhodamine (C-D) were encapsulated. The stability
of the double-emulsion was short when observed on a cell-counting slide, resulting in polydisperse
capsules. Increasing the surfactant concentration to 15 % in the oil (E), and adding 20 % 1-decanol

(F) or 20 % butyl-acetate (G) to the middle phase did not improve the stability significantly.
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(Fig. 3.8, A and C). This resulted in polymerized capsules with a large variation in their morpholo-
gies (Fig. 3.8, B and D) and relatively low yield of recovered material. We tried different ways
to improve the stability of the double-emulsion such as adding 10 % PVA to the inner phase(Fig.
3.8, A and C), increasing the surfactant concentration in the oil phase (Fig. 3.8, E), or adding
a mild solvent to the PEG-DA 250 middle phase such as 20 % 1-decanol or 20 % butyl-acetate
(Fig. 3.8, F and G). Despite the problems in stability of the double-emulsions, the combination
of water-in-(PEG-DA 250)-in-oil was the first time we could produce microcapsules with a robust

polymeric shell and motivated us to keep using PEG-DA 250 as a polymer precursor.

Water-in-(PEG-DA 250)-in-Water double-emulsion stability

After a few attempts with a mineral oil outer phase, we rapidly explored the possibility to use
a water-in-(PEG-DA 250)-in-water system. We used PVA in both inner and outer phases which
acts both as a surfactant and to increase the aqueous phase viscosity and density. Varying the
PVA concentration and the flowrates of the different phases, we were able to produce double-
emulsions in dripping or short-jetting regime (Fig. 3.15). Moreover, we could use the non-planar
PDMS devices without any surface treatment without noting any wetting of the channel by the
PEG-DA 250 middle phase. The different phases composition not only had an impact on the
drop-making, but were also critical in providing good double-emulsion stability. Using 5 % PVA
in the inner and outer phases led to good chip operation, but was not providing a good double-
emulsion stability, as we observed dewetting after a few seconds when placed on a cell-counting
slide (Fig. 3.9, A-C).Increasing the concentration to 10 % PVA improved the stability slightly, but
the double-emulsions were still very short-lived, preventing the collection of a batch of decent size
to be polymerized (Fig. 3.9, D-F).

To stabilize double-emulsions, not only the surface energies need to be adequate [198], but the
phase densities need to be closely matched, or require the formation of ultrathin shells where the
dewetting will be slowed down by a lubrication effect [199]. While the shells formed are relatively
thin at about 5-10 pm thickness, this did not provide added stability to the double-emulsions as
this effect is important for capsules with much thinner shells, which could be achieved in the future
by using devices to remove excess middle phase [200, 201]. To improve the matching of densities, it
is necessary to either increase the density of the inner phase, with the density of the aqueous PVA

solution which should be between 1.00 and 1.02 g/mL at 25°C [202], or decrease the density of the
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Figure 3.9: Water-in-(PEG-DA 250)-in-water double-emulsion stability. Using PEG-DA
250 as a middle phase, it is possible to generate double-emulsions with aqueous inner and outer
phase. (A-B) Using 5 % PVA surfactant in the aqueous phases to produce monodisperse double-
emulsions. (C) The emulsion stability is short on a cell-counting slide. (D-E) Using 10 % PVA in
the aqueous phases. (F) The stability of the double-emulsion on a cell-counting slide is improved

but too short-lived for UV polymerization in batch.
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middle phase, with a density of PEG-DA 250 of 1.11 g/mL at 25°C.

emulsion

W

polymerized

Figure 3.10: Polymerized capsules from water-in-(PEG-DA 250)-in-water double-
emulsion. (A-B) Addition of 10 % glycerol to a 5 % PVA aqueous inner phase provided better
emulsion stability, with a portion of droplets remaining after a few minutes on a cell-counting slide.

(B) Microcapsules were obtained after UV polymerization in batch.

By adding 10 % of glycerol to a 5 % PVA inner aqueous phase, we could indeed stabilize the
double-emulsions sufficiently to allow the collection of double-emulsions and their UV polymeriza-
tion. The double-emulsions were stable for a few minutes when placed on a cell-counting slide (Fig.
3.10), which represents an additional stress compared to their situation in the collection tube. The
improved stability is demonstrated by the possibility to polymerize the capsules in batch and obtain
capsules of homogeneous morphology and recovered in good yields. While further improvements
on capsules stability will be presented below, this formed an important step as these were the
first capsules obtained from poly-(PEG-DA 250) templated from water-in-(PEG-DA 250)-in-water

double-emulsions.
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Figure 3.11: Polymerized capsules are impermeable to small fluorophores. The short
molecular weight PEG-DA forms a polymer network with pore sizes preventing the exchange of
small solutes. Coencapsulated rhodamine or 10 kDa FITC-dextran were retained in the interior of
the capsules. (A) After multiple aqueous washes. (B) After storage at -80°C for 19 days. (C) After

drying on a glass slide.
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Capsules permeability

After the successful production of poly-(PEG-DA 250) capsules, we assessed their permeability to
fluorescent molecules of different molecular weights. We first encapsulated small molecule fluo-
rophore sulforhodamine and a small molecular weight 10 kDa FITC-dextran. We observed that
the fluorophores were retained in the interior of the capsules, even after rounds of extensive aque-
ous washes, storage at -80°C for 19 days or after being dried on a glass slide (Fig 3.11). This
is not unexpected as poly-(PEG-DA 250) has been shown to form a highly biocompatible resin
which is impermeable and has been used notably in the fabrication of 3D-printed microstructures
[203, 204]. This was also confirmed by the production of hermetic poly-(PEG-DA 250) microcap-
sules as presented by Nam et al. [109]. However, this would greatly limit the applications of such
microcapsules, as the only way to release a cargo or to put in contact the interior of the capsules
and their environment would be by an irreversible mechanical or chemical degradation of their
shells.

In order to make the polymeric shell semi-permeable, we decided to use a process called
polymerization-induced phase separation which was used by Kim et al. to form pores in ETPTA
microcapsules [108]. We added an inert solvent to the PEG-DA 250 middle phase, which does not
participate in the formation of the polymer network and will form small islands of unpolymerized
material connected to form a nanoporous network. The addition of a mild solvent, such as butyl-
acetate, decanol, 2-ethylhexanol, octanol or 2-heptanone to the middle phase does not impair the
device operation and we did not observe any obvious swelling of the PDMS. The solvents also help
in reducing the density of the middle phase to better match the density of the aqueous phases,
which results in more stable double-emulsions (Fig. 3.12, emulsion). We also note that to improve
the stability of the double-emulsions, it was highly beneficial to add 1 or 1.5 % of Span80 surfactant
to the middle phase [199]. Regarding the capsule permeability however, the capsules produced with
15 % butyl-acetate porogen retained the small molecular weight fluorophores in their lumen even
after polymerization and repeated washes(Fig. 3.12, polymerized). The UV polymerization was
conducted by illuminating from the side of a 1.5 mL polypropylene tube with a 100W mercury arc
lamp for 30 seconds. The polypropylene tubes absorb a significant amount of UV light, particularly
in the lower wavelenghts, and this could have led to a slower polymerization process. However, it

could be overcome by using custom-made PDMS chambers or simply using UV transparent cuvettes
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Figure 3.12: No pores formed when illuminated through polpropylene tubes. Butyl-
acetate porogen was added to the PEG-DA 250 middle phase. The double-emulsion stability is
improved by the addition of butyl-acetate and Span80 to the middle phase. Monodisperse capsules
are obtained after UV polymerization with the total light from a mercury arc lamp focused on the
side of a 1.5 mL polypropylene tube. Both sulforhodamine and 10 kDa FITC-dextran are retained

inside the microcapsules.
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(UVettes, Eppendorf), which were used throughout the rest of the project for the production of

semi-permeable microcapsules.

dried
rehydrated

10 min 100°C
10 min 100°C

-

sonication
sonication

Figure 3.13: Stability of poly-(PEG-DA 250) microcapsules to physical challenges. Mi-
crocapsules were (A) air dried on a glass slide and (B) rehydrated by addition of buffer. The
capsules recover their spherical shape after rehydration and some contain a gas drop that gradually
dissolves. The capsules are resistant to (C-D) boiling, and (E-F) sonication to a lesser extent.

Broken capsules debris are observed (E) as well as nucleation of gas bubbles inside the capsules

(F).
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Figure 3.14: Stability of poly-(PEG-DA 250) microcapsules to chemical challenges. Mi-
crocapsules containing 500 kDa FITC-dextran were challenged with (A) Simulated gastric fluid,
(pH 1.2) and (B) Simulated intestinal fluid (pH 6.8). The capsules are intact and retain the flu-
orescent cargo after 48H of incubation. Microcapsules hydrolysis in 1 M NaOH leads to complete
dissolution of the capsules after 2h30 at 50°C. Magnetic nanoparticle containing capsules pellet (C)
and magnetic particles released from the dissolved capsules (D). The tube was placed 2 minutes on

a magnetic stand and a brown particles are attracted to the side of the tube (black arrow).
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Physical and chemically stability

Finally, we present here the favourable physical and chemical stability of the poly-(PEG-DA 250)
semi-permeable microcapsules. As a first observation, the polymerized microcapsules are very easily
recovered after their production, as they can withstand repeated centrifugal washes and pipetting
steps or vortexing. They settle rapidly in PBS supplemented with 0.1 % Tween20 to form a white
pellet which can be easily disturbed by pipetting up and down to resuspend the capsules. To observe
the capsules, we found it very convenient to simply load them on cell-counting slides (CountessTM7
ThermoFisher). The capsules can be air-dried on a glass slide and they buckle into a lenticular
shape, before recovering their original shape after rehydration (Fig. 3.13, A-B). The capsules are
also resistant to boiling for 10 minutes, and virtually no broken capsules or debris were observed
(Fig. 3.13, C-D). The only method we used that could significantly damage the microcapsules
was by using a sonication tip immersed in a 1 mL solution of microcapsules to deliver 400 J in
a 10s ON 10s OFF cycle at 50% amplitude (Fig. 3.13, E-F). We could even observe capsules
floating at the surface, due to the presence of gas bubbles in their interior, which were probably
formed by cavitation inside the capsules and had not burst. In conclusion, the microcapsules have
remarquable physical stability which make them adapted to a large range of operating conditions.
We also assessed the resistance of the poly-(PEG-DA 250) microcapsules to chemical challenges.
As the initial intended application for the semi-permeable microcapsules was to develop an oral
enzyme delivery platform, we first investigated their resistance after incubation in simulated gastric
fluid (SGF) or in simulated intestinal fluid (SIF)(Fig. 3.14, A and B). Even in the very acidic pH
1.2 of the SGF, no damage or release of the cargo was observed. We note that we had to wash the
capsules and place them back in a PBS solution to obtain the images after 2 hours and 48 hours, as
the low pH would completely abolish the 500 kDa FITC-dextran fluorescent signal. However, it can
be observed that the signal was completely recovered without loss of cargo after exchange to PBS
with neutral pH. Unsurprisingly, the more gentle pH 6.8 of SIF did not lead to any degradation
of the microcapsules or release of their cargo. The poly-(PEG-DA 250) contain ester bonds which
can be hydrolyzed, making it ultimately biodegradable [205]. The hydrolysis can be accelerated by
adding a base and heating the solution to 50°C. To aid in visualizing the degradation of the capsules,
we used microcapsules containing magnetic nanobeads, and placed them in 1 M NaOH for 2h30 at

50°C (Fig. 3.14, C and D). It can be observed that the white pellet of microcapsules is completely
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dissolved after incubation, and we could see free magnetic nanoparticles in solution, which were
attracted to the side of the tube after placing it against a magnetic stand. In conclusion, the
poly-(PEG-DA 250) microcapsules are resistant to chemical challenges, and particularly important
is their stability in pH encountered in the digestive tract. On the other hand, the capsules can be
readily dissolved in basic conditions, allowing the recovery of certain cargo or to perform reactions

on the encapsulated material, such as DNA extraction and amplification [99].
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3.3 Results

3.3.1 PEG-DA microcapsules templated from double-emulsions

Poly(ethylene glycol) diacrylate of 250 g/mol molecular weight (PEG-DA 250) can be used to form
water-in-(PEG-DA 250)-in-water double-emulsions. As PEG derivatives are generally considered
biocompatible, bioinert and ultimately biodegradable [205], we experimented using various PEG-
DAs of low molecular weight, such as PEG-DA 700 g/mol, PEG-DA 575 g/mol and PEG-DA
250 g/mol as precursors for the production of microcapsules after photopolymerization by UV
illumination. For PEG-DA with molecular weights of 575 g/mol or higher, their water miscibility
prevented us to readily form double-emulsions. We attempted to use a continuous oil phase and
to produce an aqueous two-phase system by adding high molecular weight Ficoll in the aqueous
inner phase, but could not obtain well defined core-shell structures. Leonavicene et al. recently
showed that a high molecular weight PEG-DA (8000 g/mol) is indeed necessary to obtain a two-
phase system and form core-shell capsules using PEG-DA as a capsule material [99]. However, we
identified PEG-DA 250 as a potential polymer precursor due to its water immiscibility, as was also
reported by Nam et al. [109]. This property of PEG-DA 250 allowed us to use it as the middle phase
in double-emulsions and was compatible with droplet generation in a PDMS device (Fig. 3.15, A).
To form the double-emulsions, we used an aqueous continuous phase supplemented with 10% PVA.
The PEG-DA 250 middle phase was supplemented with a photoinitiator (HMPP) and surfactant
(Span80), with the optional addition of a mild organic solvent. We produced monodisperse double-
emulsions in a jetting regime with flowrates of 2500 uL/hr for the aqueous continuous phase, 200
pL/hr for the PEG-DA 250 middle phase, and 250 pL/hr for the aqueous inner phase (Fig. 3.15,
top panel). Interestingly, the double-emulsions could be generated without requiring any surface
treatment of the device owing to the non-planar geometry of the PDMS device which prevented
wetting of the collection channel by the more hydrophobic middle-phase. We collected double-
emulsions in batches of 15 minutes before UV polymerization without noticing any problem in
double-emulsion stability.

In the jetting regime, we observed the formation of small satellite droplets and a few droplets of
larger size, but the double-emulsions themselves were consistent in size. After double-emulsion gen-
eration, we polymerized the core-shell capsules by UV-illumination in batch and obtained monodis-

perse capsules with a mean diameter of 62 ym (Fig. 3.15C,D). The coefficient of variation was close
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Figure 3.15: Production of semipermeable microcapsules in a PDMS device with 3D
geometry. (A) Schematic representation of the PDMS device with 3D geometry. W/O/W double-
emulsions are generated with a PEG-DA 250 middle phase encapsulating an inner aqueous core.
(B) Micrographs of the PDMS device operation. Double-emulsions are produced in jetting regime
without the need for surface treatment. (C) Brightfield image of microcapsules obtained after UV
polymerization of the collected double-emulsion. (D) Size and size distribution of a representative
batch of polymerized microcapsules. (E) Schematic representation of polymerization-induced phase
separation (PIPS) upon UV illumination. 15 % Butyl-acetate (porogen) is mixed with PEG-DA 250
to form semi-permeable microcapsules. (F) In thg collected double-emulsion, both high molecular
weight 500 kDa FITC-dextran and lower molecular weight 40 kDa RITC-dextran are retained in
the inner aqueous phase. (G) After UV polymerization and PIPS, pores are formed in the capsules

shell and capsules become semi-permeable.



to 5 %, in accordance with previous results using similar PDMS devices [206] (see figurel). The
thickness of the capsule shell was estimated from inspecting microscope images to be between 5
and 10 pm thick. Our results not only confirmed the observation from Nam et al. [109] that
water-immiscible PEG-DA 250 is a suitable polymerizable middle phase, but demonstrated its
compatibility with double-emulsion generation in a PDMS device which did not require any surface
treatment, and resulted in the production of monodispersed poly-(PEG-DA 250) microcapsules
with thin shells.

By using droplet microfluidic to generate double-emulsions, we can directly encapsulate cargoes
by adding them to the aqueous inner phase. The inner aqueous phase containing 10 % PVA
can be supplemented with a water soluble cargo for its direct encapsulation into the polymerized
capsules. By adding 500 kDa FITC-dextran to the inner aqueous phase, we observed a fluorescent
signal from the dextran derivative in the double-emulsion, and almost all capsules retained the
500 kDa FITC-dextran after polymerization. Interestingly, we note that the speckled fluorescent
signal in some double-emulsions evolves into a completely homogeneous aspect filling the interior
of the polymerized capsules. Importantly, the homogenous profile in the polymerized capsules also
suggests that the encapsulated FITC-dextran does not adsorb to the poly-(PEG-DA 250) shell.
We noted that the fraction of inner phase available for direct encapsulation is important as the 10
% PVA solution can be mixed with another aqueous solution down to a final concentration of 2 %
PVA and still produce double emulsions polymerized into microcapsules. Therefore these results
demonstrated the possibility to directly encapsulate water-soluble cargo into the poly-(PEG-DA
250) capsules without noticeable adsorption of the cargo to the capsule material.

Moreover, the polymerized capsules were stable, and their cargo was retained in their lumen
for prolonged times. The capsules are mechanically stable and can be pipetted and vortexed
extensively without noticeable change in their morphology. An investigation of their physical and
chemical stability demonstrated the great resistance of the microcapsules and is presented in Section

3.2.

3.3.2 Production of semi-permeable poly-(PEG-DA 250) capsules

To produce semi-permeable capsules, we used the mild inert solvent butyl-acetate mixed in the mid-
dle phase which serves as a porogen in polymerization induced phase separation (PIPS). Obtaining

small pores in microcapsules can be a significant challenge, and we chose to use PIPS which was
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Figure 3.16: PEG-DA 250 microcapsules are semi-permeable and the pore size can be
adjusted by changing the porogen. Schematic representation of PEG-DA 250 microcapsules
produced using (A) 15 % butyl-acetate or (C) 15 % 1-decanol as porogen. 15 % butyl-acetate
microcapsules selectively allow the permeation of 10 kDa RITC-dextran while excluding 32.7 kDa
EGFP. The larger pore size of microcapsules produced with 15 % 1-decanol as porogen allows the
diffusion of both fluorescent molecules. Microcapsules produced using (B) 15 % butyl-acetate or
(D) 15% 1-decanol porogen are immersed in a solution containing 10 kDa RITC-dextran and 32.7
kDa EGFP. The evolution of the fluorescent signal in the Cy3 and FITC channels is observed after 5
minutes, 1 hour and 24 hours. While microcapsules produced using 15 % 1-decanol are permeable to
both fluorescent molecules, we clearly observe the selective permeability of microcapsules produced

using 15 % butyl-acetate as a porogen.
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previously employed in the production of semi-permeable microcapsules [207, 108]. To encapsulate
cargos relevant for different biological applications, we used butyl-acetate as it was described by
Kim et al. [108] to form nanopores with diameter below 30 nm in a thin shell composed of a cross-
linked network of ethoxylated trimethylolpropane triacrylate (ETPTA) and glycidyl methacrylate
(GMA). Pores of nanometric size should allow the loading of large biomolecules such as proteins or
enzymes, while allowing the transfer of solvents, small molecules, peptides, or even small proteins
across the capsule shell. To evaluate the permeability of the capsules, we added 500 kDa FITC-
dextran and 40 kDa TMR-dextran to the inner aqueous phase, and observed that almost 90% of
the polymerized capsules retained the 500 kDa FITC-dextran after the capsules were extensively
washed by successive centrifugation in excess of buffer and followed by a 24h incubation (Fig. 3.15,
G). On the other hand, only about 40% of the capsules retained the lower molecular weight 40
kDa TMR-dextran. These results show that some capsules are semi-permeable, as evidenced by
the capsules in which only the higher molecular weight fluorophore is retained. Even though the
size cut-off could not be precisely determined from this experiment, we can estimate it to be well
below 500 kDa and potentially close to the size of the smaller fluorophore, 40 kDa.

To better characterize the semi-permeability, we prepared empty capsules and placed them in
a solution of fluorescent molecules of different molecular weights (Fig. 3.16). We placed empty
capsules produced using 15 % butyl-acetate porogen in a solution containing both 10 kDa RITC-
dextran and 32.7 kDa EGFP (Fig. 3.16, A and B). We observed that most capsule showed a
relatively rapid increase in signal in the red fluorescent channel, corresponding to the lower molec-
ular weight 10 kDa RITC-dextran. After 1 hour incubation, most capsules showed red fluorescent
signal in their core, and all capsules displayed a high red fluorescent signal after 24h incubation. At
the same time, the majority of these capsules showed no increase in signal in the green fluorescent
channel corresponding to the 32.7 kDa EGFP. By superimposing the signal from the two fluores-
cent channels, we could clearly see that a majority of the capsules were semi-permeable and exclude
EGFP for at least 24h while allowing diffusion of the 10 kDa RITC-dextran into their interior. We
note however some variability in the permeability of the capsules, with some capsules appearing
permeable to EGFP already after a few minutes of incubation, while a few capsules still excluded
10 kDa RITC-dextran after 1 hour.

We observed that by using 1-decanol as a porogen, we obtained semi-permeable capsules with

a different size cutoff. The use of 1-decanol was reported by Kim et al. [108] to create larger
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pores in the ETPTA/GMA polymer shell due to a different interaction parameter of 1-decanol
with the forming polymer. Here, we show that capsules produced with 15 % 1-decanol porogen in
PEG-DA 250 also resulted in higher permeability than capsules produced with the butyl-acetate
porogen (Fig. 3.16, C and D). We saw an increase in green fluorescent signal corresponding to 32.7
kDa EGFP in the interior of the capsules after only a few minutes incubation and all capsules’
interior were fluorescent after 24 h. In addition, all capsules were completely permeable to 10
kDa RITC-dextran. However, in contrast to ETPTA/GMA capsules using 1-decanol porogen,
our capsules weren’t permeable to the larger 500 kDa FITC-dextran even after 48h incubation.
To complement our study on polymerization induced phase separation, we also selected water-
immiscible porogens which should have different interaction parameters with the polymerizing
poly-(PEG-DA 250), such as 2-ethyl-hexanol, octanol, or heptanone. In our experiments, we could
not observe a strong influence in the obtained size cut-off when using butyl-acetate or one of the
other porogens. However, the possibility to select different porogens might be useful depending on
the required application, considering for example that heptan-2-one is a food additive authorized
by the FDA. These results demonstrated that it is possible to tune microcapsule permeability by
varying porogen composition, and that a selection of porogens are compatible with our microfluidic

production of semi-permeable microcapsules.

3.3.3 Direct encapsulation of proteins and enzymes

Next, we showed that we can directly encapsulate proteins in semi-permeable poly-(PEG-DA 250)
microcapsules without loss of function or adsorption to the polymeric shell. We directly encapsu-
lated recombinant 32.7 kDa EGFP inside our microcapsules by adding it to a final concentration of 2
pg/mL in the inner aqueous phase. The fluorescence signal can be observed in the double-emulsion
without any sign of precipitation, and once polymerized the capsules display a homogeneous flu-
orescent profile, without any sign of adsorption of the protein to the capsule material (Fig. 3.17,
E and G). After prolonged incubation in PBS, we saw that a proportion of the capsules did not
contain any fluorescent signal, consistent with previous observations when encapsulating 40 kDa
TMR-dextran (Fig. 3.17, E and F). This observation could be explained by broken capsules releas-
ing their content, or could also suggest a permeability cutoff close to the size of these fluorescent
molecules. We also expect some variability in the pore size of the capsules due to the batch UV

polymerization process, as the received UV intensity could slightly differ depending on the po-
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Figure 3.17: Direct encapsulation of proteins inside semi-permeable PEG-DA 250 cap-
sules. EGFP is added to the aqueous inner phase for direct encapsulation. (A, B, C) Microscope
images of the produced double-emulsion showing a fluorescent signal in the FITC channel cor-
responding to the double-emulsion’s aqueous inner phase. (D, E, F) After polymerization, the
fluorescent signal is still present in the interior of most capsules. Some variability in the pore size
or a size cutoff close to the 32.7 kDa EGFP results in some protein leakage. (G) Fluorescent profile
from the capsule shown in panel E. The fluorescent profile suggests a homogeneous distribution of
EGFP in the interior of the capsule without protein adsorption to the shell material. (H, I, J)
Microscope images of polymerized capsules containing FITC-streptavidin after direct encapsula-
tion. A fluorescent signal is present in all capsules, suggesting that the pore size is too small for the
FITC-streptavidin diffusion. (K) Fluorescent profile across two capsules from panel I. The profile
suggests a homogeneous distribution of FITC-streptavidin in the interior of the capsule without

protein adsorption to the shell material.
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sition of the capsule in the cuvette. We encapsulated another model protein by adding 60 kDa
FITC-labelled streptavidin (Biolegend) in the aqueous inner phase to a final concentration of 50
pug/mL. Again, we observed a strong fluorescent signal in the capsules after polymerization. The
fluorescent signal profile in the polymerized capsules indicates no sign of protein adsorption on the
capsule shell, confirming our previous observation with EGFP encapsulation (Fig. 3.17, I and K).
With the larger molecular weight of the 60 kDa FITC-streptavidin, we saw that most polymerized
capsules contained fluorescent signal after aqueous washes, pointing to a size cutoff below the size
of FITC-streptavidin. Altogether, we confirmed that the poly-(PEG-DA 250) shell obtained after
UV polymerization is compatible with direct protein encapsulation. The materials used did not
lead to adsorption of proteins to the capsule shell and the polymerization-induced phase separation
process formed pores sufficiently small to retain proteins with sizes of 32.7 kDa and above.

After the successful encapsulation of proteins, we loaded enzymes and assessed their activity
after encapsulation. As a first model enzyme, we chose bioluminescent luciferase for direct encap-
sulation into the semi-permeable microcapsules. We used a commercially available recombinant
GFP-luciferase fusion protein (econoLuciferase™, Biosynth), which allows for the detection and
quantification of enzyme encapsulation by fluorescence. The molecular weight of the fusion protein
being over 90 kDa should also warrant the proper retention of the enzyme in the interior of the
microcapsules. Indeed, we saw that both the double-emulsion and polymerized capsules contained
a fluorescent signal from the econoLuciferase fluorescent fusion protein. In both cases, we observed
a speckled distribution of the fluorescent signal which might be due to some level of precipitation
in the 10 % PVA inner solution(Fig. 3.18, A and B). However, after washes and incubation in PBS,
the fluorescent signal became homogeneous and remained present in more than 20% capsules after
a year of storage at 4°C. Most importantly, the capsules containing econoLuciferase generated a
strong bioluminescent signal in a bioluminescent assay. The econoLuciferase-containing capsules
were placed in a solution containing D-luciferin, and we measured a bioluminescent signal two or-
ders of magnitude higher than the signal observed for negative control empty capsules (Fig. 3.18,
C). However, we measured an almost 10 times higher bioluminescent signal for non-encapsulated
econoLuciferase compared to the signal obtained from econoLuciferase-containing capsules, while
also observing that the fluorescent signal from GFP was 10 times higher for the solution of non-
encapsulated luciferase. Considering the respective dilutions in the free and encapsulated enzyme

solutions, we estimate that around 5 % of the GFP-luciferase is encapsulated and retains fluorescent
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Figure 3.18: Direct encapsulation of active enzymes in semi-permeable PEG-DA 250
microcapsules. A commercial luciferase-GFP fusion protein is directly encapsulated in semi-
permeable capsules. The fluorescent fusion protein allows for the visualization of the enzyme
(A) in the double-emulsion, and (B), in the polymerized capsules. (C) The encapsulated
econoLuciferase™ shows a strong signal in a bioluminescent assay. Direct encapsulation of /-
galactosidase. (D, E) Enzyme-containing capsules are dispersed in trehalose and air-dried at 37°C.
(F) After rehydration with a solution containing CPRG, the substrate is hydrolyzed to chlorophe-
nol red. (G) The solution is imaged with a color camera mounted on an inverted microscope with

4x magnification. Capsules display a purple color in their interior, indicative of S-galactosidase

enzymatic activity.
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signal or enzymatic activity. This loss in fluorescent signal and enzymatic activity was relatively
high, which might be caused by the different capsule production steps, from inner phase formulation,
loading in syringes, microfluidic double-emulsion production, double-emulsion collection, batch UV
polymerization, multiple aqueous washes, and overnight storage at 4°C. Therefore, the retention of
activity appears reasonable using this direct encapsulation process, and an optimization of the dif-
ferent production parameters could potentially improve the activity of the enzyme-loaded capsules.
These results demonstrate that a bioluminescent enzyme can be encapsulated in poly-(PEG-DA
250) microcapsules with an appreciable retention of its catalytic activity, while the semi-permeable
shell allows shuttling of the enzyme substrate D-Luciferin into the core of the microcapsules to
generate a strong bioluminescent signal.

In a second example, we demonstrated that capsules can be dried and rehydrated while pre-
serving enzyme functionality. We encapsulated [-galactosidase, a tetrameric enzyme with a to-
tal molecular weight of 465 kDa which should be retained in the interior of the semi-permeable
capsules, and initial enzymatic assays using chlorophenol red-3-D-galactoside substrate (CPRG)
showed that enzymatic activity was indeed present in S-galactosidase-loaded capsules. To show that
enzyme-containing capsules can be dried and still retain some activity, we dispersed (-galactosidase-
containing capsules in a 0,5 M trehalose solution and dried small drops overnight in an incubator
at 37°C resulting in trehalose pellets (Fig. 3.18, D and E). After rehydrating the dried pellets with
a CPRG solution, we saw a change in color upon enzymatic conversion of the yellow CPRG to
chlorophenol red. We observed by the naked eye that the color change happens at the location of
the capsules, and visualization with a 4x objective showed that the interior of some caspules turn
to an intense purple red color (Fig. 3.18, F and G). Although the obtained images did not serve as
a quantification of the chlorophenol red concentration, they clearly showed that the conversion of
CPRG to chlorophenol red occurred inside the p-galactosidase containing capsules. These results
demonstrated the possibility for the direct encapsulation of an active enzyme into semi-permeable
microcapsules, and we additionally showed that capsules can be air-dried in a lyoprotective solution

of trehalose and still retain their encapsulated enzyme activity after rehydration.

3.3.4 Encapsulated DSD reactions

We were interested in building complex biomolecular systems as they are representative of how the

capsules could be used for sensing and responding to a stimulus, which would be of importance for
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Figure 3.19: Immobilization of DNA strand displacement reaction in semi-permeable
microcapsules and implementation of a two-layer signalling cascade. (A) Schematic
representation of the two-layer signalling cascade as depicted in Joesaar et al. [192] (B) Imple-
mentation of the two-layer signalling cascade in poly-(PEG-DA 250) capsules. The two capsules
populations are mixed and imaged on a cell-counting slide immediately after addition of 50 nM
input strand (A). An increase in Cy5 and Cy3 fluorescent signals is observed corresponding to
the activation of the first and second populations, respectively. (C) Mean intensity of automati-
cally detected particles. An increase in the Cyb signal is observed corresponding to the activated
first population of capsules. After the release and diffusion of the signal strand (@1) to the sec-
ond capsule population, an increase in Cy3 sigB8l is observed corresponding to their subsequent

activation.



diagnostic and therapeutic, or theranostic applications. As a demonstration for the potential of the
semi-permeable poly-(PEG-DA 250) microcapsules, we used capsules containing FITC-streptavidin
to immobilize DNA strands to build a two-layer signaling cascade of DNA strand displacment
(DSD) reactions. It has been recently demonstrated that DSD reactions can be performed in pro-
teinosome microcapsules [208] and serve as a model of protocellular communication and distributed
biomolecular computation [192]. Here, we used capsules containing FITC-streptavidin presented
in the previous sections to immobilize biotinylated DNA strands and complementary strands, fol-
lowing the design from Joesaar et al. [192]: We implemented a two-layer signalling cascade by
functionalizing a first population of capsules with a transducer DSD gate responding after toehold
displacement from a ssDNA input strand (A), which leads to the release of a signal strand (Q1)
and unquenching of a Cy5 fluorophore. The (Q1) signal strand can in turn activate a second pop-
ulation of capsules functionalized with a transducer-amplifier DSD gate releasing a second signal
strand (Q2), this time unquenching a Cy3 fluorophore. We also added a fuel strand which acts
as an amplifier by allowing the toehold displacement and reuse of signal strand (Q1) which can
again activate other capsules of the second population. The two capsule populations were mixed
together and the two-layer signalling cascade was activated upon addition of the input strand (A).
In our experiment, we mixed the two capsules populations, added 50 nM input strand (A), and
loaded the freely moving capsules in a cell counting chamber. We first measured a Cy5 signal
increase corresponding to the first population of capsules containing the first DSD transducer gate.
After a time lag of a few minutes, we saw a subsequent increase in Cy3 signal corresponding to
the second population of capsules containing the transducer-amplifier DSD gate (Figure 3.19). We
observed a Cyb increase in about 10 capsules of the first population and Cy3 increase in about 15
capsules of the second population. The activation of the two-layer cascade could be modified by
by changing the concentration of input strand (A). By increasing it to 100 nM, the activation of
the first population was greatly accelerated and amplified, to the point where early activation was
difficult to capture considering the time required to set up the microscope measurements. On the
other hand, reducing (A) concentration to 10 nM led to a much slower and lower levels of activation
of the first population. In all cases, we observed a lag of 5 to 10 minutes between the activation of
the first population, signal transduction, and finally the activation of the second population. While
this is a succint implementation of the recently developed compartmentalized DSD reactions, these

results demonstrated that DSD reactions can be efficiently encapsulated in our semi-permeable
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microcapsules and employed to build communicating biomolecular systems.

3.3.5 Immobilization on streptavidin-coated magnetic nanoparticles

The possibility to immobilize biomolecules by diffusion through the capsules shell and interaction
with an encapsulated binding partner is attractive as it could offer many different applications,
starting from the same material. Here we explored the possibility to encapsulate streptavidin-coated
magnetic nanobeads which can be further used as a binding partner for biotinylated molecules. We
prepared batches of microcapsules containing 10 % (v/v) or 20 % (v/v) of streptavidin-coated
magnetic nanobeads solution. The capsules were produced using either butyl-acetate as porogen or
1-decanol to provide larger pores. Using the microcapsules with larger pores, we could immobilize
biomolecules as large as biotinylated antibodies, which could be useful for the immobilization of a
large variety of secondary binding partners without requiring them to be biotinylated. As a proof
of concept, we immobilized a biotinylated anti-GFP antibody (Abcam, ab6658) by diffusion inside
the microcapsules with large pores and containing the streptavidin-coated microcapsules.

After functionalization with the anti-EGFP antibody, the microcapsules are incubated with an
EGFP solution and we show that EGFP is immobilized inside the functionalized capsules (Fig.
3.20, B). The immobilization is specific to the capsules with anti-EGFP antibodies as the same
microcapsules containing magnetic nanoparticles did not display significant EGFP signal when they
were not functionalized with the biotinylated antibody (Fig. 3.20, A). One possible explanation
for the increase in signal in the antibody functionalized capsules would be a passive trapping of
the anti-GFP antibody in the lumen of the capsules. However, it can be observed on higher
magnification that the EGFP fluorescence is colocalized with the 130 nm magnetic particles which
can be identified as small aggregates following centrifugation during the washing steps (Fig. 3.20,
C). This points to a successful immobilization of biotinylated anti-GFP antibody on the magnetic
nanobeads and subsequent binding of EGFP. Following such proof-of-concept, this method could
be used to purify biomolecules from complex matrices, effectively combining a size-exclusion and
affinity purification in a single-step. Alternatively, immunoassays could be implemented in capsules
where a detection antibody could be added in a final step, and the signal quantified by measuring
the signal intensity or counting the number of capsules with a positive or negative signal, similar
to other digital assay formats.

As another proof-of-concept for the use of semi-permeable microcapsules preloaded with streptavidin-
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Figure 3.20: Encapsulated streptavidin-coated magnetic nanobeads functionalized with
anti-EGFP antibody. The large pores microcapsules containing the magnetic nanoparticles
were incubated in biotinylated anti-GFP antibody (25 pg/mL) overnight at 4°C. The capsules were
washed 3 times and incubated in 10 pg/mL EGFP overnight at 4°C. After washing, the capsules
were imaged with (B) 20x and (C) 40x magnification. The negative control (A) consists of the

same magnetic nanobeads containing microcapsules without incubation in anti-EGFP antibody.
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Figure 3.21: Immobilization of DNA strand displacement reaction on encapsulated
streptavidin-coated magnetic nanobeads. Microcapsules were loaded with a magnetic
nanobeads solution 20 % (v/v) and two capsules populations were functionalized with the 1st
and 2nd DSD gate of a two-layer signalling cascade. The DSD reaction cascade is activated by

addition of an input DNA strand and the fluorescence is measured after 20 minutes of incubation.
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coated magnetic nanobeads, we used the small pores microcapsules to implement the same DSD
reactions as presented in the previous section. The microcapsules containing the nanobeads were
incubated with the biotinylated strands and complementary strands composing the DSD reactions.
It was possible to implement single DSD reactions, as well as the complete two-layer signalling
cascade. The procedure to prepare the microcapsules remains identical to the protocol used for
the microcapsules containing FITC-streptavidin. T'wo populations were individually functionalized
with the first and second gate respectively, and mixed before activation with a DNA input strand.
The two-layer cascade proceeded similarly to the DSD reactions immobilized on FITC-streptavidin
and a fluorescent signal from the activated gates could be observed. After 20 minutes of incubation,
we see that about half of the capsules have a Cyb signal and half of the capsules have a Cy3 signal,
corresponding to the activation of the first and second gate (Fig. 3.21). As was noted before, the
signal is not uniformly dispersed in the interior of the capsules, but appears as small clumps where
the magnetic nanobeads are located, which should not affect the DSD reactions negatively. These
results show that the semipermeable microcapsules with streptavidin-coated magnetic nanobeads
can be utilized to implement complex DSD reactions. This principle could be used to prepare
more complex biomolecular systems, and by using nanobeads with Ni-NTA or other custom func-
tionalization it could be possible to immobilize large sets of different biomolecules with orthogonal

tags.

3.3.6 Encapsulation of bacteria and yeast cells

To conclude our survey of the possibilities offered by the semi-permeable poly-(PEG-DA 250)
microcapsules, we explored the encapsulation of bacteria or yeast cells. Encapsulation of living
organisms in microcapsules could open up a large number of applications, from directed evolution
of enzymes to therapeutic use of encapsulated cells.

First, we used E. coli bacterial cells grown overnight and loaded them to 20 % (v/v) in the
inner aqueous phase. The cells produce a yeGFP protein which allows to easily visualize them with
fluorescence. While we noted some small clumps of bacteria being formed and released in the filter
region after the chip inlet, this did not prevent the operation and we could successfully produce
successive batches of capsules for a total operation time of about an hour. The emulsion was assessed
on a cell-counting slide and we could see the presence of bacteria in the inner aqueous phase of the

double-emulsions (Fig. 3.22, emulsion). The capsules were polymerized by UV exposition for 30s
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Figure 3.22: Encapsulation and culturing of bacteria expressing a fluorescent protein.
Bacteria expressing a fluorescent protein are visible in the aqueous interior of double-emulsions.
After UV polymerization and aqueous washes fluorescent bacteria are still present. After incubation

at 37°C in LB medium, some capsules display an increase in fluorescent signal.
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and washed extensively in buffer PBS-(Tween20 0.1 %) to remove the porogen, and then placed in
LB medium for incubation at 37°C with shaking. The fluorescent bacterial cells were visible inside
the microcapsules and formed small aggregates, probably resulting from the centrifugation steps of
the buffer washes (Fig. 3.22, Oh). After prolonged incubation in LB at 37°C, some capsules display
a diffuse fluorescent signal which could correspond to the outgrowth of bacterial cells in the interior
of the capsules (Fig. 3.22, 20h and 30h). An alternative explanation would be the mechanical
dissociation of the bacterial aggregates observed initially, but this would result in a picture where
all capsules present a similar diffuse signal. In this case, we see a clear difference between capsules
which contain the initial fluorescent aggregate and no or little diffuse fluorescence, and capsules with
a high diffuse fluorescence and the aggregate still present in the capsules. After 30h of culturing,
a majority of the microcapsules present a high fluorescent signal. Additional experiments should
be performed to conclude that encapsulated bacteria can be cultured inside the microcapsules, for
example comparing with bacteria placed in PBS-(Tween20 0.1 %) buffer and incubated at 37°C
with shaking as a negative control. These results are encouraging indications that bacteria can be
encapsulated and their culturing will be the focus of further investigations.

In addition to bacteria, we also encapsulated yeast cells in the semi-permeable microcapsules.
An overnight culture of constitutively fluorescent yeast cells was mixed with the inner aqueous phase
at 20% (v/v) and used in microcapsules production. During the double-emulsion generation, we
noted again the presence of yeast aggregates passing down the inner phase channel. Nevertheless,
the operation was stable and we were able to collect multiple batches of polymerized microcapsules.
The presence of encapsulated yeast cells was confirmed by observation on the microscope, and with
60x magnification individual cells could be observed inside the capsules (Fig. 3.23). The yeast
cells were fluorescent and appeared to have a normal morphology. However, we did not observe any
change in number of yeast cells or change in signal inside the microcapsules after 2 days of culturing.
Providing a longer culturing time might be beneficial, but the culture medium became contaminated
with bacteria which prevented further culturing. Appropriate care and working under the flame
should have minimized the risk of contamination, but the production of capsules and their washing
was not performed in a sterile environment, making it difficult to prevent any contamination. In
conclusion, the encapsulation of yeast cells inside the microcapsules is also demonstrated, and

further studies will explore culture conditions.
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Figure 3.23: Encapsulation of yeast cells expressing a fluorescent protein. Yeast cells
expressing a fluorescent protein are visible in the aqueous interior of UV polymerized capsules.

With a 60x magnification, individual fluorescent yeast cells can be observed inside capsules.
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3.4 Discussion

In this work, we present the production of biocompatible and semipermeable poly-(PEG-DA 250)
microcapsules and their use for encapsulation of proteins, enzymes, DNA, or even bacteria and yeast
cells with retained functionality. First, we show that PEG-DA 250 can be used as a polymerizable
middle phase for the production of microcapsules templated from water-in-(PEG-DA 250)-in-water
double-emulsion. The generation of such double-emulsion does not require the use of a co-axial
capillary device [109], but can be produced in a PDMS device with non-planar geometry which
does not require any surface treatment [209]. The relatively simple method and reproducibility
in the fabrication and use of untreated PDMS device for the production of poly-(PEG-DA 250)
microcapsules should make this method available for interested labs with access to soft lithog-
raphy fabrication. By adding an inert diluent to the PEG-DA 250 middle phase, we show that
semipermeable microcapsules can be formed by polymerization-induced phase separation (PIPS).
This technique was previously used in the formation of sermi-permeable microcapsules made from
other acrylate based polymers such as blends of ETPTA/GMA [108] or EDGMA/GMA [207].
While the semi-permeability of the capsules was demonstrated, no direct encapsulation of biologi-
cal components was achieved, apart from the encapsulation of plasmid DNA in the ETPTA/GMA
microcapsules in Niederholtmeyer et al. [125]. It is interesting to note that the plasmid DNA
contained in these capsules could serve as a protein expression template after immersion in a cell-
free transcription translation system. However, the ETPTA/GMA capsule had to be reacted first
with amino-PEG12-alcohol to prevent the adsorption of proteins on the capsules shell. Moreover,
this also indicates that the direct encapsulation of proteins or enzymes would have been precluded
by the use of such polymers. Here, we confirm previous observation from Nam et al. [109] that
poly-(PEG-DA 250) microcapsules do not lead to the adsorption of biomolecules and in particular
of proteins or enzymes, allowing their direct encapsulation in the interior of the semi-permeable
microcapsules. The encapsulated proteins show no sign of adsorption even after prolonged times
of more than a year in some cases. Moreover, the very small pores obtained by PIPS when using
butyl-acetate as a porogen can be estimated to be close to or even smaller than the hydrodynamic
radius of the 32.7 kDa recombinant EGFP protein. This will allow for the encapsulation of a vari-
ety protein, enzymes, RNA, DNA or (bio)-molecule of interest as long as their size is not smaller

than this cut-off. We show that the encapsulation of active enzymes is possible and that the semi-
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permeability of the capsules overcomes the opposing challenges of the stable encapsulation without
release of the enzyme, while at the same time allowing the diffusion of reactants and products in and
out of the capsules. Alternatively, we propose that the encapsulation of streptavidin, functionalized
magnetic beads or other functionalized molecules of appropriate size can serve as an immobilization
partner for smaller molecules. In future developments, this could serve to immobilize peptides and
small proteins with appropriate tags, or even small molecules, which could be activated or released
upon sensing of an external stimulus. This is demonstrated by the immobilization on encapsulated
streptavidin of short strands of DNA modified with a biotin handle, which served in the implemen-
tation of a two-layer signalling cascade from DNA strand displacement (DSD) reactions. While the
original implementation of DSD reactions in microcompartments proposed by Joesaar et al. [192]
was performed in proteinosomes, we show that our semi-permeable microcapsules are adapted for
the design of such complex synthetic biology application. The semi-permeability of proteinosomes
produced by Joesaar et al. probably present more narrow size cut-offs as it is primarily defined by
the length of the cross-linking agent and size of the protein used. However, their production in a
shaken emulsion results in a range of capsules sizes, which required the use of a microfluidic device
containing traps and valves for the loading and perfusion of the proteinosomes population. As the
authors note, it should be possible to obtain proteinosomes with narrow size distribution by using
microfluidic production methods [210]. Our microcapsules show a very narrow size distribution,
and their convenient manipulation allows us to rapidly image them on a simple cell counting slide.
Indeed, one attribute of our microcapsules is their chemical and physical stability, which should
allow to prepare such distributed computing systems, store them and manipulate them repeatedly
without concerns in the compartments stability. Consortia of functional compartments are indeed
of key interest in the bottom-up construction of complex biomolecular systems [110, 211] and we
hope that our work will contribute to these exciting and challenging developments. To add some
flexibility and other features to our microcapsules, we show that the immobilization of biomolecules
can be achieved after encapsulation not only using encapsulated FITC-streptavidin, but also with
functionalized magnetic nanoparticles, which can be used to immobilize an anti-GFP antibody and
subsequent binding of EGFP from the surrounding solution, or to implement DSD reactions with
the same success as when using encapsulated FITC-streptavidin. We also show preliminary evi-
dence that even live bacteria or yeast cells can be encapsulated and suggest that bacteria are able to

multiply after cultivation. While these are very preliminary results, such possibility would open up
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a wide array of synthetic biology application by encapsulating cells with diagnostic or therapeutic
functionalities. Regarding the encapsulation of the therapeutic enzyme PAL, further improvements
need to be made to obtain microcapsules capable of containing active PAL enzyme and protect it
from proteolytic digestion. Indeed, preliminary experiments showed that the enzymatic activity
of PAL in capsules was reduced, similar to what we observed with econoLuciferase encapsulation.
Moreover, the semipermeable capsules size cutoff is probably just large enough to allow the entry
of proteases such as trypsin and chymotrypsin with sizes around 25 kDa. However, we believe
that it will be possible to form smaller pores by changing the porogen or adjusting its concen-
tration, or alternatively to use protease inhibitors co-encapsulated with PAL to protect it from
proteolytic digestion. In conclusion, we envision our biocompatible microencapsulation platform
to have broad applications in the building of innovative encapsulated diagnostic and therapeutic

systems containing active biomolecules or living cells.
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4.1 Background

Serological surveys studying the presence of anti-SARS-CoV-2 antibodies are an important tool in
better understanding the evolution of COVID-19 pandemic and multiple studies have been con-
ducted in different places and setting worldwide, such as patients hospitalized in New York [212]
or Glasgow [213], healthcare workers caring for COVID-19 patients in Korea [214], households in
Brazil [215] or the population in Geneva [216]. In Switzerland, a nationwide program has been im-
plemented, in which multiple seroprevalence studies studying different aspects of COVID-19 spread
will be conducted and coordinated [217]. With close to 30’000 tested subjects, this study requires
the involvement of multiple entities, and will rely on the collection of 7.5 mL to 20 mL of blood
by venipuncture and analyse serum or plasma samples using an immunoassay developed in-house
using a trimerized full Spike antigen on a Luminex platform [218]. Such program should provide
high quality data on the levels of anti-SARS-CoV-2 antibodies in the population and subpopula-
tions selected by professsion, such as health care workers, food retailers, post office employees, or
selected by specific risk, such as nursing home residents or asylum seekers, to name a few examples
of this great initiative. In the spring of 2020, our lab got involved as part of the EPFL task force
on COVID-19 with the goal of providing tools to facilitate the conduction of large epidemiological
surveys measuring the levels of anti-SARS-CoV-2 antibodies. Indeed, conducting large epidemio-
logical surveys can present significant challenges with human resources, logistics and cost associated
with sample collection and analysis. A high-throughput nano-immunoassay technology developed
previously in the lab [219, 220] was proposed to detect anti-SARS-CoV-2 antibodies. With its
open platform, the microfluidic chip can be repurposed to perform different immunoassays, and
promising results were rapidly obtained in detecting anti-SARS-CoV-2 antibodies in serum by us-
ing the same trimerized full Spike protein antigen used by Fenwick et al. [218] and produced by
the EPFL protein production and structure core facility. While the microfluidic nano-immunoassay
offers high-throughput and reduced consumption of sample and reagents per assay, such advantages
might be offset by the requirement of obtaining serum samples in a centralized entity such as a
hospital, where the infrastrcture is generally well suited to analyze large numbers of blood samples
obtained by venipuncture in a fully automated way. In order to offer the possibility to conduct
serological surveys in lower resources settings, whether it is in countries lacking a dense health-

care network, or in accessing subjects living in more remote areas, we explored the possibility to
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use decentralized sample collection using blood microsampling. We believe that combining such
sample collection with high-throughput, low sample volume and reduced costs nano-immunoassays
would offer a great addition to existing options. This could indeed satisfy many of the criteria as
proposed by the WHO for the selection of diagnostic tests, ASSURED: Affordable, Sensitive, Spe-
cific, User-friendly, Rapid and robust, Equipment-free, Deliverable to end-users [221, 222]. In the
current landscape of assays available for anti-SARS-CoV-2 serological surveys, two main options
are offered, which are on one hand the use of standard ELISAs or clinical immunoanalyzers, and
on the other hand the use of lateral flow immunoassays (LFIA). LFIAs have advantages related
to the criteria of being affordable, user-friendly, rapid and robust, equipment-free, deliverable to
end-users, and generally have sufficient specificity [223], which would make them an attractive tool
for serological studies. However, most of the LFIAs suffer from low sensitivity[224, 225, 226]. The
sensitivity could be even lower than reported when considering samples from subjects in the gen-
eral population who have not been PCR confirmed[227]. An additional limitation of LFIAs results
from the qualitative visual readout, which can be ambiguous to interpret, does not provide any
information on antibody levels and does not give a digital readout which can be easily recorded.
Moreover, the test is destructive in the sense that no sample is left for further reanalysis.

On the other hand, immunoassays performed on serum or plasma using ELISA or clinical immuno-
analyzers [228, 218, 224, 229] offer very good performance characteristics with generally 100 %
specificity and sensitivity above 98 %. However, these tests require a large infrastructure and the
use of large volumes of samples generally obtained by venipuncture. To facilitate sample collection
and the logistics associated with serosurveys, some studies have proposed to combine the use of
microsampling with standard immunoassays. The most commonly used microsampling method
consists in placing capillary blood specimen on filter paper and then elute subpunches in buffer
before analysis as has been used for neonatal screening programs, allowing for the measurment
of anti-SARS-CoV-2 antibodies with good agreeement with serum samples [230, 231, 232]. How-
ever, the results can be altered by the hematocrit concentration which would result in an under or
overestimation of the antibody levels [233]. By using a microfluidics-assisted collection of capillary

blood on a device called Hemaxis™

, it would be possible however to obtain dried blood spots of
defined volumes which can be entirely eluted for a precise control of analyte concentration without
influence of the hematocrit levels [234]. To obtain the same precise control of the sample volume,

some groups have used another technology called volumetric abdorptive microsampling (VAMS)
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[235] which allows to collect a capillary blood sample of defined volume on the polymeric tip of
devices called Mitra®. The samples are eluted by placing the polymeric tips in microplates con-
taining buffer and the supernatant is analyzed with a standard immuno-assay [236, 237]. While
this use of microsampling is very promising, the sample volume requirements for the analysis were
important, with at least 100 pL of eluted sample for standard ELISA [237] or 200 pL with a Roche
Elecsys assay [236]. This would imply that not more than 1 datapoint can be obtained from a 20 pL
capillary blood sample eluted in 200 nL buffer using Roche Elecsys. Using our nanoimmunoassays,
only a few nanoliters are consumed per datapoint, and only 20 pL of eluted sample are necessary
to be placed in the 384-well source plate used for the spotting step required to load the samples
in our assay. This allowed us to chose HemaXis™ and Mitra® devices collecting only 10 pL of
sample making it even more convenient for end-users. With such low-volume requirements, we even
explored the possibility to use glucose test strips collecting 0.6 uls of capillary blood and eluted in
only 30 pL of buffer. The different dried blood collection methods would allow the collection at
the point-of-care, with simplified logistics, reduced biosecurity risks by virus safely contained in the
dried state, and eluted in detergent-containing buffer thereby inactivating envelopped viruses such
as SARS-CoV-2 [238]. We also considered alternatives to the microsampling technologies we used,
such as devices that can directly separate serum from blood obtained by fingerprick at the point-of-
care [239, 240, 241, 242]. While there are a number of devices available, they had the drawback of
presenting higher costs and generally required higher volumes to be obtained from the fingerprick.
Although it might be important to obtain serum to test for certain analytes where whole blood
samples are not compatible with analysis, it was not the case for the detection of anti-SARS-CoV-2
antibodies. Finally, the use of saliva samples could be interesting due to its relatively simple col-
lection, and it has been successfully used in the detection of anti-SARS-COV-2 [243]. However,
the sensitivity observed in samples collected more than 21 days post-symptom onset was only 84.2
% when used in conjunction with Eurolmmun IgG ELISA kit. In addition, the sample collection
is not significantly more convenient than a fingerprick, and the sample processing steps are not as
well established as for dried blood samples. We believe that blood obtained via fingerprick and
placed on microsampling devices for controlled volume collection is a convenient sampling method
and has great complementarity with the microfluidic high-throughput nano-immunoassay, and we

present the work performed in collaboration with University Hospitals of Geneva in section 4.2.
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4.2 Preprint
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4.2.1 Abstract

Novel technologies are needed to facilitate large-scale detection and quantification of SARS-CoV-2
specific antibodies in human blood samples. Such technologies are essential to support seropreva-
lence studies, vaccine clinical trials, and to monitor quality and duration of immunity. We developed
a microfluidic nano-immunnoassay for the detection of anti-SARS-CoV-2 IgG antibodies in 1024
samples per device. The method achieved a specificity of 100% and a sensitivity of 98% based on
the analysis of 289 human serum samples. To eliminate the need for venipuncture, we developed
low-cost, ultra-low volume whole blood sampling methods based on two commercial devices and
repurposed a blood glucose test strip. The glucose test strip permits the collection, shipment, and
analysis of 0.6 uL. whole blood easily obtainable from a simple fingerprick. The nano-immunoassay
platform achieves high-throughput, high sensitivity and specificity, negligible reagent consumption,
and a decentralized and simple approach to blood sample collection. We expect this technology
to be immediately applicable to current and future SARS-CoV-2 related serological studies and to

protein biomarker diagnostics in general.
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4.2.2 Introduction

The emergence of a new coronavirus at the end of 2019, termed severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), led to an unprecedented global public health crisis [244]. Within
~10 months, it is estimated that SARS-CoV-2 infected 35 million people worldwide and 1 million
people died of coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 [245]. As SARS-CoV-
2 causes mainly mild disease or infection presents without symptoms, many cases are not captured
by direct testing in the acute phase of disease [246]. However, to estimate infection fatality rate and
guide public health decisions, it is of utmost importance to establish the true spread or prevalence
of the virus by identifying how many people have been exposed [247, 248].

Detection of anti-SARS-CoV-2 antibodies using highly sensitive and specific assays can help
answer these questions. Several seroprevalence studies have already been conducted, demonstrating
rather low seroprevalence rates even in areas that were severely affected [249, 250, 251, 252]. Such
data show that herd immunity through natural infection is far from being reached. However, these
studies are merely snapshots of an evolving situation, both in time and space. Therefore, there is
a sustained need for seroprevalence studies to be continuously conducted in order to monitor virus
spread and to keep policy makers informed. In addition, tens to hundreds of thousands of blood
samples will need to be tested to determine antibody titers for each SARS-CoV-2 vaccine phase 3
clinical trial and a large number of samples will need to be tested to monitor immune responses
after a vaccine has been approved and rolled-out. Such studies are cumbersome and expensive
to perform as they require large-numbers of serum samples to be obtained by venipuncture and
analysed by highly sensitive and specific immunological assays to classify samples or to provide
quantitative information on antibody titers.

Several assays, such as enzyme-linked immunosorbent assays (ELISA) or chemiluminescent
immuno-assays (CLIA), are commercially available, but mainly rely on serum drawn by venipunc-
ture. These tests are also rather expensive, with reagent costs on the order of 3-10 USD per test.
Alternatively, in-house ELISAs are difficult to standardize and require high amounts of recombi-
nant antigen, usually around 100ng per sample [248]. Other recently developed methods such as
miniaturized high-throughput ELISAs that use low microliter volumes suffer from lower sensitivity
[253], and ultra-sensitive assays based on digital ELISA have a low sample throughput of 68 tests

per hour [254]. The comparatively high cost of these assays and the reliance on serum samples
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taken by venipuncture are considerable hurdles to performing large-scale studies under normal cir-
cumstances, but especially so during a pandemic, when sample collection can put clinical staff and
study participants at risk. Lateral flow assays (LFAs) can be performed at the point of care or at
home requiring only a ”drop” of whole blood, but the sensitivity and specificity of these assays is
often insufficient [255, 256, 257] and LFAs are relatively expensive at ~22 USD per test. Further-
more, LFAs provide test results but no blood samples are being collected which could be used for
follow-up analyses.

There is therefore a clear need for new technologies to supersede existing methods such as
ELISA, CLIA, and LFAs. Novel technologies should be capable of high-throughput, low-reagent
consumption, low-cost per test, high sensitivity and specificity, and be compatible with ultra-low
volume whole-blood samples in the low or even sub-microliter range that can be obtained via a
simple fingerprick. Biomarker detection using dried whole blood on filter paper or other devices
would have tremendous advantages as it can be collected by untrained individuals at home. The
samples could then be conveniently shipped by regular mail at ambient temperature to a central
laboratory for analysis and test results returned electronically via a mobile app or email.

In this study we developed and validated a nano-immunoassay (NTA) that analyses 1024 samples
in parallel on a single microfluidic device the size of a USB stick. NIA reagent consumption and
corresponding costs are roughly 1000 times less than a standard ELISA. Based on the analysis of
134 negative and 155 positive control sera, NIA achieved a specificity of 100% and a sensitivity
of 98% when RT-PCR was used as a reference. NIA performed as well as a standard ELISA for
samples obtained more than 20 days post onset of symptoms, and performed better than ELISA for
samples obtained less than 20 days past onset of symptoms, indicating that NIA is more sensitive
than ELISA for the analysis of early timepoint samples with lower antibody titers. We go on to
demonstrate that NIA can be used to measure anti-SARS-CoV-2 antibodies in ultra-low volume
dried whole blood samples, eliminating the need for venipuncture blood collection. We tested two
commercial blood collection devices: Neoteryx’s Mitra® and DBS System SA’s HemaXis™ DB10),
and show that it is possible to repurpose low-cost and widely available blood glucose test strips for
sample collection and shipment. Samples could be stored up to 6 days at room temperature with
minimal sample degradation and all three methods yielded better results than an ELISA performed

on standard serum samples collected from the same individuals.
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4.2.3 Results
4.2.3.1 Nano-immunoassay development

We adapted a MITOMI based [258, 259] 1024 NIA device previously applied to vaccine adjuvant
screening [260] and the detection of inflammatory and cancer related protein biomarkers in serum
[261] to the detection of anti-SARS-CoV-2 IgG antibodies. The NIA device described here is a
simplified version of the original 1024 serum analyzer chip and more similar to the original MITOMI
device with slightly enlarged chambers to accommodate spotted patient samples. The microfluidic
device is a standard two-layer polydimethylsiloxane (PDMS) device [262], consisting of a flow and
a control layer. Fluids in the flow layer can be manipulated with pneumatic valves formed by the
control layer. The device contains 1024 unit cells, each consisting of an assay and a spotting chamber
(Figure 4.1A). Patient samples are spotted onto an epoxy-coated glass slide using a contact-printing
microarray robot, on top of which the PDMS device is aligned and bonded. Patient samples are
initially isolated by actuating the neck valve and the surface of the assay chamber is patterned with
biotinylated bovine serum albumin (BSA-biotin) and neutrAvidin, leaving a circular surface region
coated with neutrAvidin beneath the MITOMI button. Afterwards, biotinylated anti-His antibody
is flowed through the device, enabling the subsequent immobilization of a His-tagged SARS-CoV-
2 antigen. Patient samples are then solubilized and the sandwich valves are closed, allowing any
SARS-CoV-2 specific antibodies to diffuse into the assay chamber and bind the surface immobilized
antigen. The MITOMI button is closed following an incubation period and any unbound material
is washed away. A secondary antibody labeled with phycoerythrin (PE) is flowed to detect the
presence of antibodies bound to the SARS-CoV-2 antigen (Fig. 4.1B, C).

We optimized the NIA for detection of anti-spike IgG antibodies in human serum by first testing
several different spike antigen variants and identified the in-house produced trimerized full-length
spike protein as the most suitable antigen (Fig. 6.5). The use of trimerized full length spike and
spike-receptor binding domain (RBD) both resulted in high signal intensities and low-background.
We decided on using the trimerized full-length spike protein as it most closely resembles the natural
conformation of the SARS-CoV-2 spike protein. As a proof-of-concept we added chimeric anti-spike
antibody at different concentrations into human serum, spotted each dilution, and showed that
NIA could quantify anti-spike antibody concentrations (Fig. 4.1D, E). Based on this sandwich

immunoassay we estimate that our limit of detection (LOD) is around 1 nM IgG. To permit the
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Figure 4.1: High-throughput microfluidic nano-immunoassay for anti-SARS-CoV-2 an-
tibody detection. (A) The two-layer microfluidic chip design consists of 1024 unit cells. Each
unit cell in turn contains two sections: an immunoassay chamber (top) and a spotting chamber
(bottom). Control valves include the button (1), sandwich (2) and neck (3) valves. (B) A schematic
of the experimental process, starting with the spotting of patient samples, followed by chip align-
ment and bonding, biotin-BSA and neutrAvidin surface patterning, and lastly the immunoassay
for detection of anti-SARS-CoV2 antibodies. Surface patterning and immunoassay are shown for
a single unit. During the experiment all unit cells are processed in parallel. (C) Schematic of
the on-chip sandwich immunoassay. (D) Fluorescence images of anti-human IgG-PE signal for a
given concentration of anti-spike antibodies present in human serum. (E) Quantification of the
anti-human IgG-PE signal for a range of anti-spike concentrations spotted. The dashed horizontal

line indicates the LOD.
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analysis of patient sera in a standard, biosafety level 1 (BSL-1) laboratory we developed a simple
treatment protocol that renders the sera BSL-1 compatible. This was achieved by conducting a
short heat-inactivation step, followed by the addition of Triton X-100 to a final concentration of
1% [263]. Dried whole blood samples could be safely handled in a BSL-1 environment without

requiring any pre-treatment steps.

4.2.3.2 Nano-immunoassay validation

We validated the high-throughput NIA for the detection of SARS-CoV-2 anti-spike IgG antibodies
with 289 serum samples, collected from 155 PCR-confirmed SARS-CoV-2 infected individuals and
134 pre-pandemic negative samples collected in 2013/14 and 2018. Different serum sample dilutions,
ranging from no dilution to a 1:256 dilution, were spotted to determine the optimal value (Fig.
6.6). NIA achieved a maximum specificity and sensitivity of 100% and 98%, respectively, at a
serum dilution of 1:8 (Fig. 4.2A, 6.6) and a receiver operator characteristic (ROC) curve with an
area under the curve (AUC) equal to 0.99 (Fig. 4.2B). In parallel, ELISA was used to validate
the presence of anti-spike(S1) IgG in the same patient samples (Fig. 4.2C) resulting in a good
correlation (R?=0.87) between NIA and ELISA measurements (Fig. 4.2D). As the serum samples
were obtained from patients at different time points post onset of symptoms we plotted the NIA
results according to when samples were obtained (Fig. 4.2E). We also analyzed NIA and ELISA
results split into samples obtained on or before 20 days post onset of symptoms (DPOS) and samples
obtained after 20 days post onset when antibody responses are usually fully developed (Fig. 4.2A,
C). If DPOS was not known for a given patient, then days post diagnosis (DPD) was used instead.
Performance in terms of specificity and sensitivity between NIA and ELISA are similar for samples
obtained after 20 days past onset of symptoms, but NIA outperforms ELISA for samples collected
on or before 20 days post onset in terms of sensitivity by 13 percentage points (Fig. 4.2F).

Each sample dilution was tested in triplicate, enabling us to test up to 336 different samples
or sample dilutions on a single device. In order to determine if it would be possible to further
increase throughput by reducing the number of replicates we randomly selected one or two of the
three 1:8 dilution replicates and calculated ROC curves, specificity, and sensitivity (Fig. 6.7). We
found that using duplicates only slightly reduced sensitivity from 98% to 97%, whereas using a single
measurement lowered sensitivity to 95%, all the while retaining a 100% specificity. Given that using

duplicate measurements led to only a minimal change in sensitivity, it will be possible to increase
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throughput to 512 samples analyzed in duplicate per device. Additional gains in throughput are
theoretically possible by scaling the device itself, with MITOMI devices containing up to 4160 unit
cells having been demonstrated in the past [264].

To assess device to device reproducibility we tested all serum samples (1:8 dilution) on two
separate devices which resulted in a correlation of R? = 0.98 (Fig. 6.8A). We then correlated the
measurements from one of those devices to the measurements made on six other devices and again
observed a good correlation of R = 0.95 (Fig. 6.8B). In the first case the same sample solution was
used for spotting two devices, whereas in the second case the two measurements being compared
came from separately prepared patient sample dilutions. Additionally we compared the anti-IgG-
PE signal measured for a reference serum dilution series on three separate devices and computed
an average coefficient of variation equal to 11.7% for the dilutions measured (Fig. 6.8C, D).

To determine quantitative antibody titers in each serum sample, we fit data from the full
dilution series to a saturation binding curve model, enabling us to extract the dilution equivalent
to the half-maximum signal for each serum sample (ECsg) (Fig. 4.2G, 6.9). Using the calculated
1/ECj5 value, we again analyzed the NIA results, resulting in a specificity and sensitivity of 100%
and 98%, respectively (4.2H). Lastly, we compared the 1/EC5p values to values obtained from a
single 1:8 dilution and found an excellent correspondence between those two measurements (Fig.
4.21), indicating that a single measurement returns accurate quantitative information on antibody
concentrations. Only at very high antibody titers does the signal saturate for the 1:8 dilution. Using
two measurements of a 1:8 and one slightly higher dilution could therefore maximize throughput,

specificity, and sensitivity of NIA, and return accurate antibody titer values.

4.2.3.3 Ultra-low volume whole blood collection and analysis

The NIA platform proved to be highly specific and sensitive when applied to standard serum sam-
ples. We recognized that use of serum samples limits the applicability of our and other methods
to samples collected by venipuncture, which has to be performed by trained personnel in hospitals
or point of care settings. Venipuncture requires large volumes of blood in the 5 mL range, consid-
erable downstream sample processing, and a cold chain from point of sample collection to point
of analysis. Large-scale seroprevalence studies are thus challenging to conduct, especially when
including remote or large geographic areas. Establishing a large-scale, low-cost, and widely acces-

sible serology platform necessitates the development of venipuncture alternatives. For this reason,
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Figure 4.2: Nano-immunoassay validation. (A) NIA anti-IgG-PE signal for serum samples
obtained from SARS-CoV-2 negative individuals (obtained in 2013/14 and 2018) or SARS-CoV-2
RT-PCR confirmed positive patients. Measurements shown are for a 1:8 dilution of each serum
sample. Data points represent mean values of 3 replicates from a single chip. A total of 6 devices
were run to collect this data. (B) ROC curve corresponding to the measurements shown in panel
A. (C) ELISA OD ratios for the same serum samples as in A. (D) Correlation between NIA and
ELISA measurements. Data points represent means + SD (n = 3). (E) NIA measurements plotted
versus days past onset of symptoms or days post diagnosis. Data points represent means + SD
(n = 3). (F) Specificity and sensitivity for NIA and ELISA. The dashed grey lines in A, C, and
E indicate the cutoff used for the specificity and sensitivity calculations. (G) Examples of curve
fits for three positive and one negative patient sample. The horizontal dashed line indicates half
maximal binding and the three dashed vertical lines correspond to the FECyg values determined
for each of the positive samples. (H) 1/EC5, categorized according to whether the sample was
negative or from an RT-PCR confirmed positive patient. (I) Anti-IgG-PE signal for a 1:8 dilution

of each serum sample versus 1/ECj.
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Figure 4.3: Ultra-low volume whole blood sampling and processing. Three devices were
tested for ultra-low volume whole blood sampling and extraction: Neoteryx Mitra®, DBS System
SA HemaXis™ DB10, and glucose test strips. 10 uL whole blood is collected by the (A) Mitra®d
and (B) HemaXis™ DB10 devices. (C) 0.6 uL whole blood is collected by the blood glucose test
strip. (D-F) Blood samples are dried, allowing the devices to be shipped under ambient conditions
by regular mail. (G-I) The devices are processed upon arrival at the laboratory. (G) Mitra®
tips are removed and placed in a 96 well plate, (H) HemaXis™ DB10 cards are punched and the
filter discs placed in a 96 well plate, (I) and the glucose test strip is cut to size and placed in an
Eppendorf tube. (J-L) Blood samples are extracted in a buffer solution by overnight incubation
at 4°C, followed by transfer to a spotting plate (M). Samples are then microarrayed (IN), and
analyzed with the NIA device (O).
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we developed a sample collection and processing pipeline that enables us to carry out NIA with
ultra-low volume, dried whole blood samples obtainable by a simple fingerprick. We tested three
different methods to collect, ship, process, extract, and analyze dried whole blood samples (Fig.
4.3). We tested two commercially available devices that collect 10 uL of whole blood: Neoteryx
Mitra®and DBS System SA HemaXis™ DB10. We also explored the possibility of repurposing
existing blood glucose test strips (Medisana, MediTouch 2) for whole blood collection and shipping.
The glucose test strips collect 0.6 uL. of whole blood which is approximately twenty times less than
what is required by the commercial devices and 10,000 times less blood than obtained by venipunc-
ture. Furthermore, blood glucose test strips are cheap at less than 0.5 USD per strip and widely
available, potentially avoiding any supply bottlenecks during a pandemic. The two commercial
devices by comparison cost 5-10 USD or 1.25 - 2.5 USD per sample.

We evaluated the three collection methods by spiking human whole blood with different concen-
trations of anti-spike IgG and collected the blood with each collection device. We then extracted
the dried blood from each device and spotted the samples for NIA analysis. We first tested an
aqueous EDTA solution and sonication for extraction [265], but the use of this buffer resulted in
large and inconsistent spots during microarraying. We then tested PBS (1% BSA) or PBS (1%
BSA, 0.5% Tween-20) [266] extraction buffers with overnight incubation at 4°C and found that
the addition of 0.5% Tween-20 greatly improved the assay (data not shown). With this optimized
sample extraction workflow we were able to quantitate anti-spike IgG from the dried blood samples
(Fig. 4.4A-C).

To assess the variability of each sampling method we collected whole blood spiked with anti-spike
IgG three separate times and compared the on-chip antibody signal (Fig. 6.10A-C). We calculated
the coefficient of variation for the technical repeats for each anti-spike concentration tested and
found that it did not exceed 15% for any of the three collection methods with an average CV
of 5.7%, 7.7%, 9.2% for Mitra®, HemaXis™ DB10, and the glucose test strips (Fig. 6.10D).
Although, there may be further variability introduced depending on how each individual collects
his or her own blood sample, each device uses a hard-coded method to collect a specific volume of
blood that leads to low variability for NIA antibody detection.

As we expect these blood sampling devices to be used decentralized, followed by shipping
with regular mail to a central laboratory for analysis, an important factor to assess was sample

stability. To determine stability of anti-spike IgG antibodies we allowed the blood to dry on each
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device followed by storage for two and six days at room temperature (23°C) before extraction
and testing (Fig. 4.4D-F). Furthermore, depending on the climatic conditions, samples sent by
post may be subject to higher temperatures, therefore we also stored the devices for 1 day at
55°C. For the Mitra® device we observed very little sample degradation after 6 days of storage at
room temperature and slight sample degradation when stored at 55°C for one day. Very similar
results were obtained for the glucose test strips. The HemaXis™DB10 devices were the most
sensitive to prolonged and high temperature storage, but still resulted in sufficient signal for accurate
quantitation.

Having established that ultra-low volume dried blood samples can be analyzed on the NIA
platform, we tested the method with ultra-low volume whole blood patient samples collected with
each of the three collection methods. As a surrogate for capillary blood we used 36 EDTA-whole
blood samples from 21 RT-PCR confirmed COVID-19 patients and 15 presumed negative patients
hospitalized for other reasons that served as negative controls. We collected whole blood samples
in Geneva followed by shipping via regular mail to Lausanne for analysis. All positive samples are
early seroconverts obtained within 14 days post diagnosis, and thus even standard, large-volume
serum samples are challenging to analyze (Fig. 4.2C). For reference measurements we prepared
plasma from EDTA-whole blood samples and performed S1 ELISA assays on the same patient
samples.

We directly compared results obtained by ELISA performed on standard large-volume serum
samples to NIA measurements performed on ultra-low volume dried whole blood samples collected
with the three collection methods and processed as described above (Fig. 4.5). ELISA detected
SARS-CoV-2 specific antibodies in 62% of all COVID-19 patient samples and found no detectable
antibodies in any of the 15 presumed negative samples. For the three sampling methods we set the
threshold between positive and negative calls to the intensity of the second highest negative sample.
All three methods identified the same 62% anti-SARS-CoV-2 IgG positive samples as the reference
ELISA, but the Mitra® method was able to detect antibodies in 33% additional RT-PCR positive
samples and the HemaXis™ DB10 and glucose strip methods were able to detect an additional
29%. This proof of concept study demonstrates that ultra-volume whole blood samples can be
collected and analyzed on the NIA platform. Surprisingly, even difficult to quantitate samples

obtained within the first 14 days post onset of symptoms could be analyzed with this approach.
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Figure 4.4: Ultra-low volume dried blood method characterization. The figure is organized
into three columns each corresponding to the respective sampling method: Neoteryx Mitra®,
HemaXis™ DB10, and glucose test strips. (A-C) NIA anti-IgG-PE signal versus concentration
of anti-spike IgG present in dried whole blood samples collected with each of the three sampling
methods. Data points represent means £SD (n=4). (D-F) Sample stability testing. NIA anti-IgG-
PE measurements versus anti-spike IgG concentration. Blood samples were dried and then stored

on each collection device for 1 day or 6 days at 23°C, and 1 day at 55°C.

4.2.4 Discussion

We developed and validated a high-throughput nano-immunoassay device capable of analyzing 1024
samples in parallel. Detecting the presence of SARS-CoV-2 anti-spike IgG antibodies the method
achieved a specificity of 100% and a sensitivity of 98% based on the analysis of serum samples from
155 positive SARS-CoV-2 infected and 134 negative individuals, performing as well or better than
standard ELISA (Fig. 4.6A). In addition to generating accurate binary classification of samples,
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Figure 4.5: Ultra-low volume patient sample collection and analysis. (A-C) NIA anti-IgG-
PE signal versus ELISA OD ratio for whole blood patient samples collected using each of the three
sampling methods: Neoteryx Mitra®, DBS Systems SA HemaXis™ DB10, and glucose test strips.
Data points are colored either blue or red corresponding to whether the samples were presumed
positive or negative. The vertical dashed line represents the positive-negative cutoff for ELISA and
the horizontal dashed line represents the chosen cutoff for the NIA measurements set equal to the
2nd highest negative measurement. Data points represent means £SD (n=4). (D-F) Number of
blue data points for each quadrant in plots A-C, respectively, along with the percentage of positive

data points per quadrant.

NIA is also capable of returning accurate antibody titers.

The method developed here is applicable to the large-scale characterization of serum samples
collected as part of epidemiological studies, identify donors for plasma therapy, and vaccine trial
support. A single researcher can achieve a throughput of 1-2 devices, or 512 - 1024 samples
per day (analyzed in duplicate) in a small research laboratory not dedicated or equipped for high-
throughput molecular diagnostics. Due to increases in efficiency, a small team of 3 can likely achieve
a throughput of 6 devices or 3’072 samples per day (analyzed in duplicate). By comparison, the
number of RT-PCR, tests performed in all of Switzerland ranged from 6’000 to 18000 tests per
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day between April and September 2020. Consumables, reagent consumption, and associated costs
are negligible with NIA, which is an important consideration when compared to the high reagent
cost of ELISAs and when considering potential reagent shortages that may be encountered during
critical phases in a global pandemic.

Platform capabilities could be further expanded in the near term. We previously demonstrated
that the platform can be used to perform multiplexed analysis, allowing 4 or more biomarkers
to be tested for each sample [260, 267, 261]. This would allow the analysis of multiple antigens,
cytokines, or inflammatory markers to provide insights into prior virus exposures and the response
to infection. We also previously demonstrated that kinetic rate measurements can be performed in
high-throughput with this method [268] and that digital ELISAs can be performed using the same
technology in instances were lower limits of detection may be required [269, 254].

To enable large-scale studies we placed specific emphasis on the development of simple, low-
cost, and ultra-low volume sample collection strategies and integration of these workflows with
the nano-immunoassay platform. We characterized three blood sampling devices and tested all of
them with patient samples. Two of these methods are commercially available devices: Mitra®
from Neoteryx and HemaXis™ DB10 from DBS System SA. We also explored the possibility of
repurposing low-cost, and readily available blood glucose test strips for blood sample collection and
shipment. The two commercial devices allow the collection of a minimal volume of 10 uL. whereas
the blood glucose test strip collects as little as 0.6 ul. whole blood. Such small volumes allow
untrained personnel to fingerprick and collect whole blood, eliminating the need for phlebotomists
and the inconvenience of visiting a hospital or point of care location. The collected blood is allowed
to dry on the devices, and we could show that these dried blood samples can be analyzed after 6
days of storage at ambient temperatures eliminating the need for a cold chain.

The combination of a high-throughput, highly specific and sensitive nano-immunoassay, and the
ability to analyze minute volumes of dried blood samples has enormous potential for SARS-CoV-2
serology, epidemiological studies, vaccine trial and therapeutic development support. Further areas
of use could be large-scale seroprevalence studies in low- and middle-income countries [271] without
sufficient in-country laboratory capacity by sending specimens by international mail. Especially in
the current SARS-CoV-2 pandemic, population-based seroprevalence studies could elucidate some
urgent questions such as the impact of COVID-19 in Africa [272].

New technology and method developments such as those reported here will make it possible
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Figure 4.6: NIA performance table and conceptual home-based sample collection and
centralized NIA analysis. (A) Comparison between the high-throughput NIA platform and
standard ELISA. Sensitivity and specificity values are based on serum sample analysis for both NIA
and ELISA. ¢ based on Eurolmmun ELISA kit (EI 2606-9601)[270], °[266], © price based on abcam
ELISA kit (ab274342). (B) A NIA based diagnostic workflow that uses decentralized ultra-low
volume whole blood sample collection, shipping via regular mail, and centralized sample processing
and analysis on a high-throughput NIA platform. Test results are analyzed and interpreted and

then reported back via mobile app, email, or regular mail.

to overcome the current centralized molecular diagnostics paradigm, which is focused on hospitals
and point of care settings rather than on patients and individuals seeking simple, affordable, and
convenient molecular diagnostics. The need to visit a clinic is an inconvenience for everyone and
can be an insurmountable obstacle for many. The requirement for venipuncture blood collection,
sample pre-treatment, and expensive ELISAs prohibits broad testing and contributes to high health
care costs. NIA makes it possible for individuals to purchase a simple blood sampling kit containing

a lancet, a blood sampling device, and a return mail envelope, at a local pharmacy or supermar-
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ket (Fig. 4.6B). The kit can be used easily and conveniently in the privacy of one’s own home,
where a simple fingerprick is made and the blood collected by the device. The device with the
collected blood can then be sent without special biosafety requirements by regular mail to a central
laboratory which analyzes the blood sample for one or more biomarkers, interprets the data, and
returns the test results to the individual via smart phone, email, or regular mail. Furthermore,
each blood sample is sufficient to conduct many molecular diagnostic assays with NIA. The whole
process from kit purchase to results could take less than a week, which is fast enough for a vast
majority of tests that are not particularly time critical.Decentralized and simple sample collection
coupled with centralized, next-generation high-performance molecular tests will broaden access to
molecular diagnostics, and increase the use of testing. During a global pandemic, such technologies
could enable the collection of critical epidemiological data, provide instrumental data for vaccine

development, and provide information to individuals on their health status.
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4.3 Contribution

My contributions to the project on ”A high-throughput microfluidic nano-immunoassay for de-
tecting anti-SARS-CoV-2 antibodies in serum or ultra-low volume dried blood samples” were the
following: I primarily worked on the preanalytical part in close collaboration with Dr. Zoe Swank
and the rest of the team. I helped in receiving the patient serum samples and setting up the
protocol for heat inactivation and 1 % Triton X-100 treatment to allow us to use the samples in
our lab. I performed initial developments and optimization in repurposing the glucose test strips
for the collection of blood samples. I helped in selecting two commercially-available microsampling
device, DBS systems HemaXis™ and Neoteryx Mitra®, and explored the different extraction pa-
rameters useful for interfacing our high-throughput microfluidic platform with this decentralized
sample collection method. I prepared and extracted all the samples used in Figure 4.4 and Figure
6.10. T extracted all the samples used in Figure 4.5. In the article, I prepared Figure 4.3 and the
comparison table for Figure 4.6. For the methods section, I wrote the part for "whole and dried
blood” and helped in other parts as well. Finally, I participated in discussions regarding the project
development and article writing, and gave feedback on all the different sections, figures and tables

presented in the article.

4.4 Outlook

Using our nano-immunoassay platform, we plan on providing the analytical support to conduct
serological epidemiological studies with our collaborators in University Hospitals of Geneva, but
hopefully also help other studies in Switzerland or elsewhere. In order to better characterize expo-
sure and immunological response to different coronaviruses, we will use trimerized Spike antigens of
the four common cold coronaviruses, namely HCoV-OC43, HCoV-HKU1, HCoV-229E and HCoV-
NL63 which will be produced at EPFL by following the same strategy to stabilize the Spike protein
in the prefusion conformation [273]. With the very low sample and reagent consumption, we should

be able to test samples against multiple antigens with a high-throughput and controlled costs. While
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an initial proportion of the samples will be obtained from venipunctures at the hospital and serum
will be analyzed, we plan to further validate the use of microsampling and support studies con-
ducted in decentralized settings such as schools, with the added advantage of offering a less invasive
sample collection method for such vulnerable populations. The platform could also be used to con-
duct a serological survey throughout Switzerland with patient self-collecting dried blood samples
at home, or at a local pharmacy. This could allow to study and compare the immunity developed
by populations living in areas with different population density. Without offering the possibility for
subjects to draw a sample at their home or at least within reasonable distance, it might be difficult
to obtain access to subjects living in more remote areas. At the same time, it will be particularly
important to gather information on immunity acquired naturally or with vaccination campaigns in
remote areas which could present very different kinetics compared to areas more densely populated
and with greater access to healthcare. On a technological level, we expect to further improve the
throughput on our platform by some changes from the preanalytical and analytical parts to data
analysis steps. For the preanalytical part, we are exploring the use of a pipetting robot to automate
steps such as serum sample dilution or preparation of plates for dried blood samples extraction.
For the dried blood spots on filter paper, we will also explore the use of a fully automated system
which can elute the samples by a flow-though desorption process [274]. For the arraying of samples
to be analyzed in the microfluidic chip, we will explore the use of different microarray spotters.
One option would be to have multiple affordable benchtop pin-based spotters which we could use
in parrallel to increase the throughput. Another option would be to try spotters using contact-less
dispensing of samples by using technologies such as inkjet dispensing [275]. For the analytical part,
different improvements could be explored, like the use of multiple MITOMI buttons in a single
assay chamber for multiplexed detection of antibodies to different antigens [219, 220]. We also
want to increase automation of the protocol by using solenoid valves with computer control so we
can initially prepare the fluidic sample and control lines and then run the assay in an automated
or semi-automated fashion with checkpoints allowing for visual inspection at critical steps of the
protocol. This would allow a single operator to more conveniently run multiple microfluidic assays
in parallel. Finally, we would like to improve on the automated image analysis pipeline, which
could be potentially integrated with a laboratory information management system to directly link
a registered subject sample with its corresponding data and logs of all the different steps of our

nano-immunoassay platform.
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Conclusion

In this thesis, we explored the use of cell-free protein expression systems and its potential for the
decentralized production of biopharmaceuticals. We show the successful production of AvPAL in
a home-made cell-free expression system and that the therapeutic enzyme is enzymatically active.
The cell-free expression system can be lyophilized, stored for a week at room temperature, and re-
hydrated to produce the active AvPAL enzyme, which would facilitate the decentralized production
of this biopharmaceutical product with this ”just-add-water” system. In our hands, the costs and
yields associated with cell-free production remain prohibitive for therapies where large amounts of
the biopharmaceutical are required for each dose, or require a chronic treatment. However we are
confident that technological advances will greatly improve cell-free systems for biomanufacturing,
and we imagine that classical biotechnological production could be complemented by a completely
in vitro approach from DNA synthesis to the final biopharmaceutical product. Such decentral-
ized production of biopharmaceuticals can be already beneficial in the production of therapeutic
products where a single dose is required. For example, conjugate vaccines can be produced by
a cell-free system expressing carrier proteins and desired glycosylation to offer protection against
various pathogens infection[276]. In the case of phenylketonuria, a daily administration of a high
dose of enzyme is required for therapeutic efficacy and might therefore limit the advantage of the
decentralized smaller scale production. Moreover, recent advances in protein engineering might pro-
vide better manufacturability and stability to the therapeutic enzyme, such as enzyme CDX-6114
from Codexis (clinical trial: NCT04085666) developed in partnership with Nestlé health science.
The ability to produce large quantities of shelf-stable enzyme in a dried format could hopefully

lead to more cost-effective enzyme replacement therapies for phenylketonuria. While protein en-
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gineering and classical biotechnological approaches might be adapted to provide solutions in the
treatment of phenylketonuria, cell-free synthetic biology and bottom-up bioengineering approaches
offer the unique potential to generate biopharmaceuticals in a ”digital-to-biological” approach[277].
Shortened timelines in biopharmaceutical production with flexible scales could translate to faster
development of therapies for rare diseases where it can be difficult to set up a dedicated biophar-
maceutical production line for a very limited number of patients. This work provides evidence that
even relatively complex enzymes can be produced in a cell-free expression system, and we believe
that other enzymes missing in rare diseases resulting from inborn error of metabolism could be
addressed in future research.

In a second part, we developed a protocol for the production of biocompatible and semi-permeable
microcapsules with a poly-(PEG-DA 250) shell. We show that the capsules are semi-permeable with
a size cutoff around 40 kDa, allowing the direct encapsulation of proteins and enzymes, while per-
mitting transport of smaller proteins, DNA strands, or small molecules across the capsules shell.
Moreover, the capsules are easily stored and manipulated owing to their chemical and physical
stability. While our initial motivation was to encapsulate the therapeutic enzyme PAL for oral
delivery, this will require some further optimization as the pore size of the capsules is still slightly
too large to protect it from proteolytic enzymes, which will be further investigated by varying
the porogen type and concentration to form smaller pores. With their current composition, we
show that the microcapsules have a broad range of potential applications, offering the possibil-
ity not only to encapsulate proteins or enzymes, but also cells, or can serve to immobilize other
biomolecules in the semi-permeable microcompartments such as DNA strands, which we used to
build complex biomolecular systems such as a two-layer signalling cascade using encapsulated DNA
strand-displacement reactions. While other microfluidic encapsulation methods have been devel-
oped, they generally suffer from inconvenients that prevent the encapsulation of active enzymes
for oral delivery. Biocompatible large molecular weight PEG-DA hydrogel capsules have been de-
veloped, but the pore size is often larger than a majority of proteins which would lead to their
uncontrolled release from the capsule[99]. On the other hand, capsules obtained with photocur-
able oils can be made semi-permeable by adding porogens to the phase containing the polymer
precursor[108], but such materials lead to a strong adsorption of proteins to the capsule material
due to their high hydrophobicity[109]. This prevents the direct encapsulation of proteins in such

capsules, and also requires an additional step of passivation before placing the capsules in contact
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with proteins to prevent their non-specific adsorption[125]. This work provides a method for the
microfluidic production of semi-permeable capsules with a polymer composition of low molecular
weight PEG-DA compatible with protein and other biomolecules encapsulation. Such properties
should allow them to be used in the bottom-up engineering of complex biomolecular systems and
in the development of drug-delivery applications.

Finally, we successfully developed a platform for the detection of anti-SARS-CoV-2 antibodies
by decentralized collection of blood samples and testing on a microfluidic high-throughput nano-
immunoassay. Using a sampling method that can be easily performed at the point-of-care or even
at-home, combined with a technology which can offer high performance nano-immunoassay with
minimal sample and reagent consumption, has the potential to facilitate the conduction of serolog-
ical epidemiological studies. The microfluidic nanoimmunoassay analyzes sample with volumes of a
few nanoliters and reduces reagents consumption per datapoint by 2 or 3 orders of magnitude thus
offering the potential to greatly reduce costs. The nano-immunoassay was validated with serum
samples from 155 PCR-~confirmed patients and 134 pre-pandemic negative control sera and showed
100 % specificity and 98 % sensitivity in duplicate measurements. We also show evidence of the
good performance of collecting dried blood spots with repurposed glucose test strips or with two
different commercial microsampling devices, and followed by testing with the microfluidic nano-
immunoassay. As the microfluidic device is not restricted to detecting anti-SARS-CoV-2 antibodies
and allows to conduct different immunoassays, this platform could also offer a convenient solution
for patients and doctors by testing biomarkers commonly used for diagnostic purpose. While other
diagnostic platforms currently used in hospitals or large diagnostic laboratories are suitable for the
analysis of anti-SARS-CoV-2 IgG levels, they are most suited for the high-throughput analysis of
blood samples obtained by venipuncture. The use of dried blood samples can be used in conjunc-
tion with automated analyzers, but requires large sample volumes that would consume the whole
extracted sample in a single assay[236]. It is also possible to use standard ELISA formats for the
analysis of samples obtained from microsampling, but not more than one or two measurements could
be performed based on the volume used in a 96-well format, with a trade-off in the sample through-
put[237]. Other formats such as 384-well or even 1536-well plates[278] would reduce the sample
consumption per assay, but the compatibility with microsampling remains to be demonstrated.
We believe that our microfluidic platform provides a unique opportunity to perform high quality

immunoassays displaying specificity and sensitivity matching state-of-the-art centralized diagnostic
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platforms, while at the same time offering the full compatibility with a convenient decentralized
microsampling collection. Moreover, the ultra-low sample requirement allows for multiplexed or
repeated testing from samples collected with commercial devices with volumes as low as 10 pL, or
even under 1 pl. by using repurposed glucose test strips. We envision our platform to offer a direct
benefit in performing serological surveys in the current COVID-19 pandemic, but also in personal

diagnostics testing other biomarkers in the future.

125



Appendix

6.1 Materials and Methods Chapter 2

Home-made E. coli lysate preparation

E. coli The protocol used for cell-free extract preparation and cell-free TX-TL reactions is adapted
from Sun et al. [45] and Kwon and Jewett [46]. BL21 DE3 cells were grown form glycerol stocks
overnight in 5 mL LB in a 37°C incubator with 200 rpm agitation. 2 x 1 mL of the preculture
were added the next morning to 200 mL of LB medium in 1 L erlenmeyer flasks and culture for 4
hours representing an OD at 600 nm between 1.5 and 2. In order to prepare extracts containing T'7
polymerase, 400 pL of 100 nM IPTG was added after 2 hours of culture in each 200 mL culture.
The cells were harvested by separating the 200 mL of culture into 4 x 50 mL Falcon tubes and
centrifuged for 20 min at 4000 rpm at 4°C. The pellets were washed 3 times in Buffer A (10 mM
Tris-acetate, 14 mM magnesium glutamate, 60 mM potassium glutamate, 2 mM DTT). The cells
were pelleted again and weighed after removal of the supernatant. The pellets were flash frozen in
liquid nitrogen and stored at -80°C before being further processed. For extract preparation, the cells
were resupended in 1 ml of Buffer A per mg of cells in the pellet. It is important at this stage to use
Buffer A with freshly added DTT. The cells are lysed by sonication using 50% amplitude with 10 s
pulses followed by 10s off to prevent overheating. The cells are placed in an ice-water bath in round
bottom 2 mL tubes, and care should be taken to place the sonication tip as deep as possible in the
tube without touching its walls. We usually split the resupsended cells in 1 mL aliquot and deliver

a total energy of 400 J, but if necessary the total energy can be adapted depending on the volume
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[46]. When successful, the sonication should yield a darker and more transparent solution than the
starting off-white thick suspension of cells. After lysis, the extract is clarified by centrifugation for
10 min at 12000 rpm at 4°C. The supernatant is carefully removed and incubated at 37°C with
shaking for 90 min as an optional "run-off” reaction. The exctract is centrifuged again for 10 min
at 12000 rpm at 4°C and the supernatant is harvested. It is preferable to be conservative and loose
a little portion of extract to remove only the supernatant to prevent contamination of the lysate
with cells or cell debris which could reduce its activity. The supernatant was aliquoted, flash frozen

in liquid nitrogen and stored at -80°C before use.

Cell-free TX-TL reactions

Cell-free expression reactions are set up by mixing 25 % lysate, 25 % Buffer A (with DTT freshly
added), 25 % energy solution, and the 25 % left are composed of the DNA template completed with
nuclease free water. The energy solution used is 4x concentrate and its composition is described
in Sun et al. [45] and corresponds to the ”Caltech” standard energy solution which uses 3-PGA
as energy source, or in Cai et al. [48] and corresponds to the ”simplified” energy solution which
uses only glutamate. As an important note, the ”simplified” energy solution can be used only in
conjunction with lysate prepared from cells grown on 2xYTP or 2xYTPG medium. The cell-free
reactions were conducted in volumes of 10 pL in 384-well microplates at 29°C on a platereader, or

25 uL or 50 pL reactions in 1.5 mL tubes in a thermomixer at 29°C or 37°C with agitation.

AvPAL expression and purification

AvPAL expression was performed as described above in 50 pL reactions with 500 to 1000 ng of
plasmid template DNA. The 1.5 mL tubes were placed in a thermomixer at 37°C or 29°C with
agitation at 600 rpm. Expression of AvPAL using S30 T7 High-Yield protein expression system
was performed following the manufacturer’s protocol (Promega). For labeling of proteins with lysine
BODIPY, 1 uL of FluoroTect™ GreenLys (Promega) was added in 25 pL of cell-free reaction. For
purification, we used either Ni-NTA spin columns (Qiagen) or MagneHis™ Ni-particles (Promega)
following manufacturers instructions. For SDS-page gel inspection, 5 L. of the reaction were mixed
with 5 pL. Laemmli Buffer (Sigma-Aldrich) and heated at 100°C for 2 min before loading on the
gel. The gel was run for 10 min at 100 V, followed by 35 min at 150 V. The gel was stained 1 h in

Coomassie and washed overnight with destaining solution replaced multiple times.
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Enzymatic activity measurements

The enzymatic assay for PAL activity measurement was performed according to the recombinant
enzyme supplier instruction (Sigma-Aldrich). A calibration curve for absorbance of trans-cinnamic
acid was measured and an extinction coefficient at 270 nm was calculated. For the assay 100 mM
Tris-HCI pH 8.5 buffer was prepared and 3 mM L-phenylalanine was diluted in the same buffer.
The enzymatic reaction was performed by mixing 200 pL of L-phenylalanine solution, 90 pL of
DI water, and 10 pL of sample and pipetting this solution in a quartz cuvette. The absorbance
increase was measured at room temperature every 10 s for 5 to 10 min. The absorbance increase
was linear and the slope was used for activity calculations with the definition of 1 Unit of enzyme

converting 1 pmole of L-phenylalanine to trans-cinnamic acid per min at pH 8.5 at 30°C.

Lyopreservation of cell-free extracts

For the air-drying of lysate, we diluted it 2x in a 1.1 M solution of trehalose in Buffer A. We
pipetted 30 pL drops on a silicon mat and placed it in a 37°C incubator for 24 h. The dried
lysate-trehalose mixture formed pellets which were rehydrated in nuclease-free water and combined
with energy solution and DNA template for cell-free expression. For the preparation of freeze-dried
cell-free expression reactions, complete reactions with lysate, energy solution and DNA template
were assembled, placed in 1.5 mL tubes and flash-frozen in liquid nitrogen. The tubes caps were
replaced with ones having holes pierced by a needle and the samples were freeze dried overnight in a
benchtop freeze-dryer (FreeZone™ Labconco™). To start the cell-free reactions, the freeze-dried

reaction pellets were rehydrated with nuclease-free water corresponding to the weight loss upon

drying (generally 85-90 %).

Expression of protein nanocompartments

pET14-Encap, pET14-GFP30_Encap, pET14-GFP15_Encap, and pET14-GFP5_Encap were gifts
from David Savage (Addgene plasmid 86405 ; http://n2t.net/addgene:86405 ; RRID:Addgene_86405).
The bacterial slabs were streaked, single colonies were grown overnight, and plasmids were obtained
by miniprep. The expression of encapsulin variants was performed using the standard protocol for
cell-free expression. The products were analyzed either on SDS-page gel or on a Native page gel to

observe EGFP fluorescence.
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Co-translational incorporation of non-natural amino acids

For the cotranslational incorporation of azido-homoalanine, we used a PURExpress system which
does not contain amino acids and tRNAs in the energy solution (NEB E6840S). The 19 amino
acids except methionine were added separately at a concentration of 2 mM, and the reaction was
performed with either 2 mM methionine, 2 mM azido-homoalanine or no methionine equivalent.
tRNAs were also added to the reaction and supplemented with lysine-BODIPY tRNA. The reaction
products were visualized on an SDS-page gels using a fluorescent gel scanner for detection of lysine-
BODIPY signal. For the cotranslational incorporation of azido-homoalanine in proteins using
lysate-based expression systems, the same protocol was used for the separate addition of amino
acids. The lysate was either a standrad E. coli extract, or alternatively the extract was buffer
exchanged multiple times with Buffer A using Amicon® Ultra 0.5 mL centrifugal filters with 3
kDa cut-off to remove amino acids present in the extract. tRNAs were also added to the reaction
and supplemented with lysine-BODIPY tRNA. The reaction products were again visualized on an

SDS-page gels using a fluorescent gel scanner for detection of lysine-BODIPY signal.
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6.2 Materials and Methods Chapter 3

Microfluidic chip fabrication

The PDMS microfluidic device were produced using standard soft lithography methods and used
designs previously established [209, 279]. Transparency films obtained from the SMaL lab from
Prof. Esther Amstad at EPFL were used as photo masks for the production of a SU-8 master on a
silicon wafer. A master was prepared by using photolithography with the negative photoresist SU-8.
A first 40 pm layer of 3025 SU-8 (Microchem) containing the inner and middle phase channel was
spin-coated and UV exposed on the first half of the master while the second half was fully exposed.
A second 60 pm layer of 3050 SU-8 (Microchem) was spin-coated and UV exposed aligned on top
of the features to generate the main channels on both halves of the master. After using the master
for PDMS replica moulding, both halves of the design were treated with O2 plasma for 45 s and

bonded to one another.

Microfluidic microcapsules production

The microfluidic system was operated using syringe pumps (New Era) controlled via a python script
written in Professor Adam Abate’s lab at UCSF. Syringes were connected to Tygon tubing and
the tubing was connected to the chip via metal pins. The flowrates for the inner, middle and outer
phase were set to 250, 200, and 2500 pL/h. The inner phase and outer phase are composed of a 10
wt/wt% aqueous solution of PVA (poly(vinyl alcohol), 13000-23000 g/mol, Sigma-Aldrich). The
drop production was observed at the junction and at the collecting channel through a 4x objective
with a high-speed digital camera (Fastec HiSpec). The resulting double-emulsion were placed on a
cell-counting slide and inspected with a 20x objective in brightfield and fluorescence. The double-
emulsions were collected in UV-transparent cuvettes (UVettes, Eppendorf) and illuminated for 30
seconds from the side with the complete spectrum of a 100W Mercury lamp focused on the cuvette.
Alternatively, an Omnicure S1500 200W UV curing lamp with standard filter (320nm-500nm) was
used and the double-emulsions were illuminated with a probe placed on the top of the cuvette.
The polymerized capsules were transfered to a 1.5mL eppendorf tube and washed 10 times in 1 mL
cold wash buffer (1xPBS, 0.1 % Tween20) by centrifugation at 2000 rpm for 1.5 minutes at 4°C.

Obtained capsules were stored at 4°C in wash buffer.
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Semi-permeable capsules

For the production of semi-permeable capsules, the middle phase was supplemented with 15 %
butyl acetate (Sigma-Aldrich) porogen, 1 % Span80 (Fluka) surfactant and 4 % 2-Hydroxy-2-
methylpropiophenone (97%, Sigma-Aldrich) photoinitiator. In the direct encapsulation of fluo-
rophores, we supplemented the 10 % PVA inner aqueous phase with 100 pg/mL of 500 kDa FITC-
dextran and 50 pg/mL TMR-dextran. Fluorophore-containing capsules were washed like previously
described and kept in wash buffer at 4°C overnight to ensure pores opening. The capsules were
pipetted in a cell-counting slide (Countess??) and fluorescence images were acquired in the Cy3 and
FITC channels. For permeability characterization, empty capsules were immersed in a solution con-
taining 10 kDa RITC-dextran and 32.7 kDa EGFP. After different incubation time, fluorescence
images were acquired in the Cy3 and FITC channels. Capsules were produced using different
porogens by simply replacing the 15 % butyl-acetate with 1-decanol, octanol, 2-ethylhexanol, or
2-heptanone (all from Sigma-Aldrich).

Direct encapsulation of proteins and enzymes

For the direct encapsulation of proteins, the 10 % PVA inner phase was supplemented with 32.7 kDa
recombinant EGFP (Biovision) mixed to a final concentration of 2 ug/mL or 60 kDa FITC-labeled
streptavidin (Biolegend) to a final concentration of 50 pg/mL. Double-emulsions or polymerized
capsules were loaded in a cell-counting chamber and imaged on a microscope with 20x magnification.
For the direct encapsulation of enzymes, econoLuciferase™ 10 mg/mL solution (Biosynth) was
mixed to 4 v/v % in the 10 % PVA inner phase. The double-emulsions and polymerized capsules
were loaded in a cell-counting chamber and inspected on a microscope and fluoresence signal was
measured. In the bioluminescent assay, 25 uL of blank, empty capsules, econoLuciferase-containing
capsules, or free econoLuciferase were mixed with 100 uL of luciferase assay reagent (Promega)
in a black 96-well plate and imaged for 50 minutes on a plate reader. The bioluminescent signal
was integrated over the duration of the experiment. [-galactosidase aqueous glycerol suspension
(Sigma-Aldrich) was mixed to 10 v/v % in the 10 % PVA inner phase. The produced capsules were
resuspended in a 0.5 M trehalose solution and 15 L drops were pipetted on a silicon mat and dried
overnight in a 37°C incubator. The resulting dried pellets were recovered in a tube and rehydrated

with a chlorophenol red -D-galactopyranoside (CPRG) solution. The color change was imaged
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with a phone camera, or with a color camera (Pike) mounted on a microscope and imaged with a

4x objective.

DNA-strand displacement reactions

We used capsules containing the 60 kDa FITC-labeled streptavidin for the immobilization of bi-
otinylated DNA strands. The DNA strands were synthesized at IDT with HPLC purification. The
DNA sequence and DNA modifications were strictly identical to the one presented in Joesaar et
al.[192] and we followed the same protocol for the assembly of two populations of capsules containing
the first (F7) or second (F») gate DSD reactions. Briefly, 40 pul of a dispersion of FITC-streptavidin
containing capsules, 20 ul of 4x buffer and 8 ul of biotinylated DNA gate strand (F; or F, from
a 10 puM stock solution) were mixed with a pipette in a 1.5 ml Eppendorf tube and incubated at
room temperature for 1 h, followed by addition of 12 ul output strand (Q1 or Q2, from a 10 uM
stock solution), gentle mixing and overnight incubation at 4°C. The excess unbound output strand
was removed by removing around 50 ul of the supernatant and the capsules were washed 3 times
with 400 pl of buffer by centrifugation at 1500 rpm, 4°C, and the capsules with the immobilized
DSD reaction were stored at 4°C. To perform the double-layer signaling cascade, the two capsules
populations were mixed and supplemented with a fuel strand. After the addition of an input strand
(A) at a concentration of 50 nM, 10 nM or 100 nM, the resulting solution was pipetted in a cell
counting chamber (Countess, Thermofisher). To prevent evaporation, the device was placed in a
petri dish and surrounded by kimwipes saturated with 1xPBS, allowing for long term imaging of the
two-layer signalling cascade. The fluorescent signal for the first gate (Cy5) and second gate (Cy3)
was measured with a 200 ms exposure every 30s for a duration of 1 hour. The resulting images
were captured in a 3x3 stitch with a 20x objective. For an estimation of the signal increase over
the timecourse of the experiment, we used ImageJ and applied a simple minimum thresholding to
detect the capsules in each image. We used the ”erode” function 5 times to ensure only the capsules
were captured, and used the ”analyze particles” function to extract the different parameters for
particles with circularity over 0.6 and area above 1000 um?. For each timepoint of the experiment,

the mean intensity of every detected particle was plotted using PRISM.
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Encapsulation of bacteria and yeast cells

E. coli cells were grown overnight in LB in a 37°C incubator with shaking. The cells were diluted
in the 10 % PVA inner phase by mixing 100 nuL of the overnight with 900 pL of the inner phase.
The operation of the microfluidic device was done with the same flowrates as described, and the
capsules were polymerized for 30s, 10 s or 5s with an Omnicure S1500 200W UV curing lamp with
standard filter (320nm-500nm). The capsules were washed in PBS-(Tween-20 0.1 %) and pelleted
by centrifugation at 2000 rpm at 4°C, repeated 10 times. For culturing of E. coli cells inside the
capsules, the buffer was replaced by LB medium and placed in a 37°C incubator with shaking.
Yeast cells were grown overnight in YPD in a 30°C incubator with shaking. The cells were diluted
in the 10 % PVA inner phase by mixing 100 uL of the overnight with 900 pL of the inner phase. The
operation of the microfluidic device was done with the same flowrates as described, and the capsules
were polymerized for 30s or 10s with an Omnicure S1500 200W UV curing lamp with standard filter
(320nm-500nm). The capsules were washed in PBS-(Tween-20 0.1%) pelleted by centrifugation at
2000 rpm at 4°C and repeated 10 times. For culturing yeast cells inside the capsules, the buffer

was replaced by YPD medium and then placed in a 30°C incubator with shaking.
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6.3 Materials and Methods Chapter 4

Microfluidic chip fabrication

The designs for the flow and control layer of the device were drawn with AutoCAD software, we
then used standard photolithography to fabricate the molds for each layer. Three replicates of the
design are fitted onto a 4 inch silicon wafer so that three devices can be made in a single fabrication
process. SU-8 negative photoresist was used to create the control channel features (GM 1070,
Gersteltec Sarl) with a height of 30 pum, while AZ 10XT-60 positive photoresist (Microchemicals
GmbH) was used to generate flow channel features with a height of 15 ym. After development,
the flow layer mold was annealed at 180°C in a convection oven for two hours to obtain rounded
features. Afterwards each of the wafers was treated with TMCS (trimethylchlorosilane) and coated
with PDMS (Sylgard 184, Dow Corning). For the control layer ~50 g of PDMS with an elastomer
to crosslinker ratio of 5:1 was prepared, whereas for the flow layer a 20:1 ratio of elastomer to
crosslinker was spin coated at 1800 rpm to yield a height of ~50 um. Both PDMS coated wafers
were then partially cured for 20 minutes at 80°C, after which devices from the control layer were
cut out and the inlets for each control line were punched (OD = 889 mm) using a precision manual-
punching machine (Syneo, USA). Each control layer is then aligned onto the flow layer by hand
using a Nikon stereo microscope. The aligned devices were then placed at 80°C for 90 minutes,
allowing the two layers to bond together so that the entire device can then be cut and removed

from the flow wafer. After that, the flow layer inlets were punched.

Immunoassay reagents

For our on-chip immunoassay we used biotinylated mouse anti-His antibodies (Qiagen, 34440) to
immobilize His-tagged SARS-CoV-2 antigens on the surface of our assay chambers. The prefusion
ectodomain of the SARS-CoV-2 Spike glycoprotein (the construct was a generous gift from Prof.
Jason McLellan, University of Texas, Austin [280]) was transiently transfected into suspension-
adapted HEK293 cells (Thermo Fisher) with PEI MAX (Polysciences) in Excell293 medium. Incu-
bation with agitation was performed at 37°C and 4.5% CO2 for 5 days. The clarified supernatant
was loaded onto Fastback Ni2+ Advance resin column (Protein Ark) eluted with 500 mM imidazole,

pH 7.5 in PBS. For proof-of-concept experiments, chimeric anti-spike antibodies were purchased
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from Sino Biological (40150-D002, 40150-D003, 40150-D004, 40150-D005). We spiked the chimeric
anti-spike antibodies into human serum (Sigma-Aldrich, H4522) and whole blood (ZenBio, SER-
WB). For detecting human IgG, we used PE labeled goat anti-Human-IgG (Abcam, ab131612).

Sample preparation

Serum

Serum samples were collected from 155 RT-PCR confirmed COVID-19 patients and 134 negative
control sera obtained in 2013/14 and 2018 before the start of the pandemic (including 50 children).
All samples were collected according to the local ethical guidelines and ethical approval was waived
by the ethics committee of the University Hospital of Geneva (HUG). We used days post onset
of symptoms (dpos) according to patient history or days post diagnosis (dpd) in case dpos was
unknown. All samples were stored at -20°C until analysis. In order to handle patient serum
samples in a Biosafety Level 1 laboratory, patient serum samples were heat treated at 56°C for
30 minutes and Triton X-100 (Fisher Scientific) was added to the samples to a final concentration
of 1%. In order to optimize spotting parameters and the on-chip immunoassay, proof-of-concept
experiments involving human serum spiked with chimeric anti-spike antibodies were also carried
out with the addition of Triton X-100. For dilution series experiments, patient serum samples were
diluted in a PBS solution containing 2% BSA. Additionally, 10 uM FITC-dextran (10 kDa) was
added as a tracer to each sample in order to assess whether similar volumes of serum samples were

spotted (Fig. 6.11).

Whole and dried blood

Human Whole Blood - Frozen, 10ml was obtained from AMS Biotechnology (Europe). Anti-spike
antibodies were added to whole blood to the desired concentration from a stock solution of 2 pM.
To simulate a fingerprick collection, 15-20 pL of whole blood samples were pipetted on parafilm and
then collected on the sampling device where 10 pL were collected with HemaXis™ DB10 (DBS
System SA) or Mitra® Clamshell (Neoteryx). The samples were dried and then stored in their
original container without further protection. Samples were kept at room temperature for 1, 2 or
6 days, or in a 55°C oven for 1 day. The dried blood stored on HemaXis™ filter paper were cut

using an 8 mm biopsy puncher and scalpel and the tip of the Mitra® devices were removed with
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tweezers. The samples were placed in a 96-well plate and filled with 200 pL of cold extraction buffer
(1xPBS, 1% BSA, 0,5% Tween20) [266] and incubated overnight at 4°C with 300 rpm agitation.
Around 150 pL per well of the supernatant was recovered and stored at -20°C until analysis.
Alternatively, a small volume of blood (around 0.6 L) was collected with a Meditouch 2 glucose
test strip (Medisana), dried and stored in a box kept at room temperature for 1,2 or 6 days, or in
a 55°C oven for 1 day. Extraction was performed by placing the strip at the bottom of a 1,5 mL
tube filled with 30 uL of extraction buffer overnight at 4°C.

As a substitute for capillary blood taken from a fingerprick, we used leftover EDTA whole
blood samples drawn from hospitalised COVID-19 patients at different time points post diagnosis
for routine clinical laboratory analysis. EDTA whole blood samples were stored at 4°C for a
maximum of seven days before they were applied to the dried blood collection devices. 20 ul. of
EDTA whole blood was pipetted on a parafilm sheet, and collected with a Mitra® device or glucose
strip. For the HemaXis™ device, 10 uL of whole blood was directly pipetted on the filter card.
The samples were dried for 30 minutes and placed in a plastic bag with silica gel before shipping.
The samples were extracted as described above 5 days after collection and shipping, microarray
spotted on a glass slide on day 6 and the nano-immunoassay chip was run on day 7. To determine
antibodies against SARS-CoV-2 S1 protein by Euroimmun S1 ELISA, EDTA whole blood samples
where centrifuged for bmin at 1200x g at 4°C and 200 pL of plasma were stored at 4°C until

analysis.

Enzyme-linked immunosorbent assay

Euroimmun S1 IgG ELISA (Euroimmun AG, Liibeck, Germany, # EI 2606-9601 G) was performed
according to the manufacturers instructions and was run on a Dynex Agility (RUWAG Handels
AG, Bettlach, Switzerland). OD ratios were calculated by dividing the OD450 of each sample by
the OD450 of a calibrator that was run on each plate. Results equal or above OD ratio of 1.1 were

considered positive.

Microarray spotting

25 pLL of each sample were loaded into a 384 microwell plate (Arraylt, MMP384). An MP3 microar-
ray printing pin (Arrayit) was used to spot the samples onto an epoxy-coated glass slide using a

QArray2 microarrayer (Genetix). The presence of Triton X-100 in the serum samples had a signif-
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icant effect on the spot diameter. To account for this we increased the dimensions of the spotting
chamber and set the inking and stamping time to 50 ms and 1 ms, respectively. In addition, it was
critical that the ambient humidity was below ~42%, otherwise the spots would become too large
and merge together. After spotting, the PDMS chip was aligned on top of the sample spots using

a stereo microscope and bonded over night at 40 °C.

Running on-chip immunoassays

Control lines were filled with PBS, attached to the chip and pressurized at 145 kPa. While isolating
the spotted sample with the neck valve closed, the lower half of the unit cells were patterned with
BSA-biotin (Thermo Fisher, 29130) and neutrAvidin (Thermo Fisher, 3100). First BSA-biotin
was flowed at a concentration of 2 mg/mL for 20 minutes, then neutrAvidin was flowed at a
concentration of 1 mg/mL for 20 minutes. A flow pressure of 27-34 kPa was maintained for each
of the flow steps. Afterwards the button valve was actuated and BSA-biotin was flowed for an
additional 20 minutes. In between each of these steps a solution of 0.005% Tween 20 (Sigma,
P1379) in PBS was flowed for 5 minutes to wash away any unbound material. After surface
functionalization, a 1 pg/mL solution of biotinylated anti-His antibody in 2% BSA in PBS was
flowed for 20 minutes. Next a 6.7 pg/mL solution of His-tagged SARS-CoV-2 spike protein in 2%
BSA in PBS was flowed for 20 minutes. The spike protein solution contained 25% chicken serum
(Sigma, C5405), which served to block the surface and reduce non-specific binding. Before each of
these steps the solution was first flowed for 2 minutes with the button valves down, allowing the
solution to flow evenly into the entire device. After flowing each solution for 20 minutes, a wash
step was performed by flowing 0.005% Tween PBS for 5 minutes with the button valves down.
Once the spike protein was attached to the surface, the serum spots were re-solubilized by opening
the neck valve and allowing 0.005% Tween PBS to flow into the spotting chamber while the outlet
valve was closed. The neck valve was then closed and 0.005% Tween PBS was flowed for 5 minutes
to prevent cross-contamination of samples in neighboring unit cells. The sandwich valves were then
closed and the neck valve was released to allow any antibodies present in the serum spot to diffuse
into the assay chamber. After an incubation of 70 minutes the button valve was opened and a
second incubation of 60 minutes was carried out, permitting any anti-spike antibodies to bind to
the spike protein. Any unbound material could then be washed away by flowing 0.005% Tween
PBS for 5 minutes with the button and neck valves closed. A 5.6 ug/mL solution of anti-IgG-PE
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was then flowed for 2 minutes with the buttons down, then for 10 minutes with the buttons up.
The buttons were then closed and any unbound detection antibody was washed away by flowing
0.005% Tween PBS for 5 minutes. Each unit cell was then imaged with an exposure time of 300
ms using a Nikon ECLIPSE Ti microscope equipped with a LED Fluorescent Excitation System,
a Cy3 filter set, and a Hamamatsu ORCA-Flash4.0 camera (C11440).

Data analysis

The detection antibody signal was quantified using a custom Python script. ROC analysis was
performed using GraphPad Prism. Cutoff values for the NIA measurements were chosen by max-

imizing both the specificity and sensitivity values. ECyg values were determined by fitting the

dilution series data (1:256 - 1:8) for each sample to a saturation binding curve, y = xﬁ%“g,;”o. For

all samples B4, was set to 65000.
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6.4 Supplementary Figures Chapter 3

In this section we present supplementary figures that were obtained for the further characterization

of the microcapsules semi-permeability.

10 kDa 500 kDa
RITC-dextran FITC-dextran

composite

0 min

60 min

48 h

Figure 6.1: Microcapsules with decanol porogen are impermeable to 500 kDa FITC-
dextran. PEG-DA 250 microcapsules produced with 1-decanol porogen were immersed in a 10
kDa RITC-dextran + 500 kDa FITC-dextran solution. After 48h of incubation, the large molecular

weight dextran is still excluded from the capsules.
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Figure 6.2: Semi-permeable microcapsules with ethylhexanol porogen. PEG-DA 250 mi-
crocapsules produced with ethylhexanol porogen were immersed in a 10 kDa RITC-dextran + 32.7
kDa EGFP solution. The 10 kDa fluorophore rapidly diffuses inside the capsules, while 32.7 kDa

EGFP slowly diffuses over the course of 24 hours.
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Figure 6.3: Semi-permeable microcapsules with octanol porogen. PEG-DA 250 microcap-
sules produced with octanol porogen were immersed in a 10 kDa RITC-dextran + 32.7 kDa EGFP
solution. The 10 kDa fluorophore rapidly diffuses inside the capsules, while 32.7 kDa EGFP slowly

diffuses over the course of 24 hours.
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Figure 6.4: Interior/exterior fluorescence ratios of 10 kDa RITC-dextran and EGFP.
The fluorescence ratio rapidly increases for 10 kDa RITC-dextran and is above 100 % for all but
two capsules after 24 hours of incubation. The increase is slower for EGFP and more than 20 % of

capsules have a ratio below 75 % after 24 hours.
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6.5 Supplementary Figures Chapter 4

anti-spike-RBD

spike

spike RBD

spike S1

EGFP

Figure 6.5: Evaluation of SARS-CoV-2 antigens. NIA images showing anti-IgG-PE signals
obtained when spike, RBD and S1 antigens in combination with an anti-S1 primary antibody were

tested. EGFP served as a negative control.

143



><104

><104

6 A 1.0 ) . 1.0
= on-chl‘p ‘."“, 56 on-chlvp ,,_?
[T ® negative pCry > [T @ negative 82 3
x ® positive N = S ® posive ‘9T =
w 4 Lot = w ® e =
o ? 0.5 & @ 05
o) - -
= AUC = 0.992 = “ AUC =0.999
g 0.0} : : < 0.0 : .
negative COVID-19 0.0 05 10 negative COVID-19 0.0 05 10
patient 1 - Specificity patient 1 - Specificity
4 4
x10° 1.0 x10 1.0
56 on-chip va =) 6 on-chip oty
. ® negative $r, > '8 @ negative o8, & >
'54 o posive %% = e 4 @ posiive i S
g ‘g 0.5 g . ‘§ 0.5
[0} [0
52 b 52 b
J=I © AUC =0.995 = “~  AUC =0.991
<y 0.0 L : : Lo @ 0.0 . : :
negative COVID-19 0.0 0.5 1.0 negative COVID-19 0.0 0.5 1.0
patient 1 - Specificity patient 1 - Specificity
%10 1.0 x10° 1.0
§ 6 .on-chtl‘p WO - § .on-chtl'p Fid -
negative . e 2 negative P . 2
Dé,4 @ positive _'. * = g,‘" @ positive . S
. = =
'd_.J 7 0.5 Iﬁl-.J % 05
[0} .- [0 i
52 a 52 b
5 ©  AUC =0.975 g " AUC =0.955
<od 0.0 L . : < 0.0 . : :
negative COVID-19 0.0 0.5 1.0 negative COVID-19 0.0 0.5 1.0
patient 1 - Specificity patient 1 - Specificity
x104 dilution specificity 95% CI sensitivity 95% ClI
) 1.0
= on-chip ° none 98% 93-99% 94% 89-96%
3 ® negative L > o o o o
'y o posive o % £ 1:8 100% 97-100% 98% 94-99%
w2 ‘ ‘é 0.5 1:16 98% 94-99% 97% 93-98%
(é, 1 % 1:32 99% 95-99% 94% 89-96%
= - = E o = o 0 = o
= “ AUC = 0.933 1:64 97% 92-98% 90% 84-94%
<o 0.0 T T 1:128 94% 89-97% 85% 79-90%
negative COVID-19 0.0 05 10 1:256 91% 85-95% 81% 74-86%
patient 1 - Specificity

Figure 6.6: NIA measurements for a range of sample dilutions. (A-G) NIA measurments
for different dilutions of patient serum samples categorized according to whether the sample was
pre-pandemic negative or from COVID-19 patients.
3).

Data points represent mean values (n =
Corresponding ROC curves are shown to the right of the plotted data. (H) Specificity and

sensitivity values calculated for each dilution according the dashed cutoff line shown in plots A-G.
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Figure 6.7: NIA replicates. (A-C) Mean anti-IgG-PE signal for one, two or three on-chip
replicates shown for a 1:8 serum dilution, along with the corresponding ROC curves. (D) Specificity
and sensitivity values calculated according number of on-chip replicates and based on the dashed

cutoff line shown in plots A-C.
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Figure 6.8: Device-to-device variation. (A) Correlation of anti-IgG-PE signals obtained from
two separate chips that were prepared using the same 1:8 serum sample dilutions. (B) Anti-IgG-
PE measurements collected from a total of 6 chips versus measurements for the same samples
collected on a single chip. Sample dilutions were prepared separately for each of the chips. (C)
NIA measurements for a reference serum dilution series measured on three separate chips. (D)

Coefficient of variation calculated for the three measurements of each reference serum dilution.
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Figure 6.10: Technical replicates for ultra-low volume whole blood sampling methods.
(A-C) On-chip anti-IgG-PE signal versus the concentration of anti-spike-IgG in whole blood for
three technical replicates sampled using each of the three methods: Mitra®, HemaXis™ DB10,
and glucose test strips (shown in this order from left to right). (D) Coefficient of variation versus

the concentration of anti-spike-IgG for each blood sampling method.
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