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Abstract 

High-throughput screenings are of momentous importance and have been one of the 

cornerstones of current life science research, such as biology, biotechnology, biochemistry, 

computational science, medical chemistry, and pharmacology. Interests in high-throughput 

screenings among academia, medium and small biotech companies, governmental, and not-

for-profit screening sites as well as contract research organizations dramatically increased 

because high-throughput screenings enable efficient analysis of large numbers of compounds 

in a short time. The increasing interests result in the rapid development of high-throughput 

screening technologies in combination with complementary technologies. The conventional 

high-throughput screenings have disadvantages including high costs, high waste, long cycle 

time, low productivity, and limited expandability to larger libraries. These disadvantages 

underline the importance of efforts towards the development of miniaturized and automated 

high-throughput screenings technologies. Droplet microarray is one of the miniaturized 

techniques which is developed by combining surface science, surface functionalization and 

biology. The high density of droplets on droplet microarray slides decreases the costs, waste, 

cycle time of the screening and increases the productivity and applicability to high-throughput 

screenings of larger chemical and biological libraries. Further development, evaluation, and 

improvement of the droplet microarray platform not only play an important role in progress of 

high-throughput screenings, but also hold tremendous potential in pharmacological research 

and stem cell research such as increasing gene delivery efficiency and facilitating 

undifferentiated stem cell culture. 

Pharmacological priming (drug repurposing) has been regarded as an adjuvant strategy to 

improve non-viral gene delivery efficiency. Nevertheless, the broad applicability of 

pharmacological priming has not been well established due to the prohibitively high costs of 

reagents and operation, which explains the urge of miniaturized platform and drug repurposing 

approach. In addition to the urgent requirement in pharmacological field, in order to realize 

clinical potential, stem cell research also requires miniaturized techniques to investigate the 

influence of cell-surface interactions and small cell culture medium on stem cell behavior and 

the effects of additives, surface coatings, including surface adsorbed proteins on stem cell fate.   

The goal for the first section of the dissertation was to search for small molecules 

(compounds) which hold transfection enhancing effect using droplet microarray platform, 
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which could help in gene delivery and gene therapy research. An investigation of the influence 

of 774 Food and Drug Administration‐approved drugs on transfection efficiency with different 

cell types in a miniaturized and high-throughput manner was performed using the droplet 

microarray platform. The screening of the library identified fourteen individual compounds 

that presented approximately 2-5-fold transfection efficiency enhancement. These hit 

compounds were then verified and studied at larger scale. The results indicate that the high-

throughput and drug repurposing approach based on droplet microarray platform is robust and 

can be used to study and develop more effective non-viral gene delivery systems. 

The goal for the second section of the dissertation was to evaluate the effect of surface 

properties and small volumes on pluripotency of human induced pluripotent stem cells (hiPSCs) 

utilizing the droplet microarray platform. Two artificial surfaces contained different chemical 

elements and their corresponding droplet microarray slides were investigated for cultivation 

and pluripotency of hiPSCs in vitro. The surfaces and droplet microarray slides were used to 

culture human induced pluripotent stem cells in 2 mL and 200 nL volumes. The results showed 

that hiPSCs exhibited high viability, expected morphology and pluripotency in 200 nL droplets 

on both type A and type B droplet microarray slides without Matrigel coating for 24 h of culture. 

This makes droplet microarrays a versatile and simple platform for short-term and xeno-free 

high-throughput screening of hiPSCs. 

The goal for the third section of the dissertation was to identify chemically defined proteins 

which could further improve hiPSCs culture and maintain pluripotency of stem cells using 

droplet microarray platform and also in standard microtiter plates. It is feasible to do protein 

coating, cell cultivation and immunofluorescence staining in a miniaturized and parallel 

manner on droplet microarray slides, resulting in reduction of consumables and experimental 

error. Thus, droplet microarray platform was used to screen eleven proteins and their related 

binary and ternary combinations (in total 231 diverse groups) for their capability of maintaining 

pluripotency of hiPSCs. Ten groups of ternary protein combinations were identified, which 

could support self-renewal and proliferation of hiPSCs better than on Matrigel-coated surfaces. 

The most effective protein combinations from the primary screening were further validated in 

long-term (five weeks) culture. Additionally, embryoid body formation from the hiPSCs 

cultured on selected protein coatings, followed by differentiation into three germ layers was 

achieved.  
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In summary, droplet microarray platform was utilized as a miniaturized and rapid screening 

platform to answer several biological questions. Firstly, 776 drug compounds were screened in 

nanoscale which is cost-, time- and labor-saving. Fourteen compounds showed approximately 

2-5-fold increase of transfection efficiency. Secondly, chemical components of cell culture 

surface and small volumes (200 nL) of cell culture medium were found to contribute to the 

maintenance of pluripotency of hiPSCs. Thirdly, ten groups of ternary protein combinations 

were identified to show support of undifferentiated culture of hiPSCs. Two of them were 

further evaluated to achieve long-term undifferentiated culture of hiPSCs, followed by their 

differentiation into three-germ layers. A summary and an outlook are presented at the end of 

the dissertation. 
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Zusammenfassung 

Das Hochdurchsatz-Screening ist von großer Bedeutung und bildet einen der Eckpfeiler der 

aktuellen Life-Science-Research wie Biologie, Biotechnologie, Biochemie, 

Computerwissenschaft, medizinische Chemie und Pharmakologie. Das Interesse an einem 

Screening mit hohem Durchsatz unter akademischen, mittleren und kleinen Biotech-

Unternehmen, staatlichen und gemeinnützigen Screening-Standorten, sowie 

Auftragsforschungsorganisationen wurde spürbar erhöht, da Hochdurchsatz-Screenings eine 

effiziente Analyse von einer Vielzahl von Stoffen in kürzester Zeit ermöglicht. Das steigende 

Interesse an dieser Methode führte zu einer schnellen Entwicklung von Screening-

Technologien mit hohem Durchsatz in Kombination mit komplementären Technologien. Die 

Nachteile herkömmlicher Hochdurchsatz-Screenings beinhalten hohe Kosten und 

Materialverschwendung, lange Zykluszeiten, geringe Produktivität und die begrenzte 

Ausbaufähigkeit der existierenden Stoffbibliotheken. Die genannten Nachteile verdeutlichen 

die Wichtigkeit der Bemühungen zur Entwicklung von verbesserten miniaturisierten und 

automatisierten Hochdurchsatz-Screening Methoden. Droplet Microarray (DMA) ist eine 

dieser miniaturisierten Plattformen, welche durch die Vereinigung von Oberflächenchemie, 

Oberflächenfunktionalisierung und Biologie erschaffen wurde. Die hohe Tröpfchendichte auf 

DMA senkt die Kosten, Materialverschwendung, Zykluszeit des Screenings und erhöht die 

Effizienz des Verfahrens, während sie effektiv die Verwendung größerer chemischer und 

biologischer Bibliotheken unterstützt. Die weitere Entwicklung, Auswertung und 

Verbesserung der DMAs spielt nicht nur für den Fortschritt der Hochdurchsatz-Screenings eine 

wichtige Rolle, sondern beherbergt auch unermessliches Potential in pharmalogischen 

Bereichen und der Stammzellenforschung, in welcher es die Wirksamkeit von Gentransfers 

und das Kultivieren von undifferenzierten Stammzellen erleichtert. 

Pharmakologisches Priming (Drug Repurposing) wurde als adjuvante Strategie zur 

Verbesserung der Effizienz nicht-viraler Genübertragung angesehen. Dennoch ist die 

facettenreiche Anwendung des pharmakologischen Priming aufgrund der unerschwinglich 

hohen Kosten für Reagenzien und die Durchführung der Methode unweit verbreitet, was den 

aufkommenden Drang nach miniaturisierten Plattformen und Drug Repurposing erklärt. 

Abgesehen von der Dringlichkeit im pharmakologischen Bereich, um klinisches Potenzial zu 

realisieren, benötigt die Stammzellenforschung auch miniaturisierte Methoden um den Einfluss 

von Zelloberflächeninteraktionen und Zellkulturmedium auf das Verhalten von Stammzellen 
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und die Effekte von Zusatzstoffen, und Oberflächenbeschichtungen einschließlich 

oberflächenabsorbierter Proteine auf Stammzellen zu beobachten. 

Das Ziel für den ersten Teil der Dissertation war es nach kleinen Molekülen (Stoffen) auf 

DMAs zu suchen, welche transfektionsverstärkende Effekte beinhalten, um eine mögliche 

Verbesserung in den Bereichen Gentransfer- und Therapie zu bieten. Eine Untersuchung der 

Einflüsse von 774 Food and Drug Administration (FDA)-zugelassenen Wirkstoffen auf die 

Transfektionseffizienz mit verschiedenen Zelltypen in miniaturisierter- und 

hochdurchsatzweise wurde mit Hilfe der DMAs veranlasst. Das Screening der FDA-

zugelassenen Arzneimittelbibliothek identifizierte 14 einzelne Verbindungen, die eine zwei- 

bis fünffache Verbesserung der Transfektion aufwiesen. Diese Treffer wurden verifiziert und 

in großem Maßstab untersucht. Die Ergebnisse deuten darauf hin, dass der auf DMA basierende 

Ansatz für das Drug Repurposing beständig ist und zur Untersuchung und Entwicklung 

wirksamerer nicht-viraler Genübertragungssysteme verwendet werden könnte. 

Das Ziel des zweiten Abschnitts der Dissertation war es, den Einfluss von 

Oberflächeneigenschaften und sinkendem Volumen auf die Pluripotenz von human induzierten 

pluripotenten Stammzellen (hiPSCs) zu bestimmen. Zwei künstliche Oberflächen mit 

unterschiedlichen chemischen Elementen und deren dazugehörigen DMAs wurden für die 

Kultivierung und Pluripotenz von hiPSCs in vitro untersucht. Die Oberflächen und DMAs 

wurden genutzt, um human induzierten pluripotenten Stammzellen in 2 ml und 200 nL-

Volumen zu kultivieren. Die Ergebnisse zeigten, dass hiPSCs eine hohe Lebensfähigkeit, sowie 

die erwartete Morphologie und Pluripotenz in 200 nL Tröpfchen auf Typ A und Typ B DMAs 

ohne Matrigelbeschichtung nach 24 h Kultivierung aufwiesen. Dies beweist, dass DMAs eine 

vielseitige und simple Plattform für kurzzeitige und xeno-freie Hochdurchsatz-Screenings von 

hiPSCs sind.  

Als Ziel für den dritten Teil der Dissertation wurde das Identifizieren von chemisch 

definierten Proteinen, welche das Kultivieren und Aufrechterhalten der Plutipotenz von hiPSCs 

Zellen auf DMAs, sowie Mikrotiterplatten weiter verbessern könnten, angesetzt. Es ist möglich 

eine Proteinbeschichtung, Zellkultur und Immunfluoreszenzfärbung auf miniaturisierter Ebene 

parallel mit Hilfe von DMAs durchzuführen, was zu einer Reduzierung von Versuchsfehlern 

und Verbrauchsmaterialien führt. Auf Grund dessen wurden DMAs als Basis zur Überprüfung 

von elf verschiedenen Proteinen und deren verwandten binären und ternären Kombinationen 

(insgesamt 231 verschiedene Gruppen) auf ihre Fähigkeit zur Erhaltung der Pluripotenz von 
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hiPSCs genutzt. Aus diesem Raster wurden zehn Gruppen von ternären Proteinkombinationen 

identifiziert, welche die Proliferation und das Self-Renewal besser unterstützen könnten als mit 

Matrigel beschichtete Oberflächen. Die effizientesten Proteinkombinationen des primären 

Screenings wurden weiterhin in einer Langzeitkultur (fünf Wochen) verifiziert. Zusätzlich 

wurde die Formation von embryonalen Körperchen der auf den ausgewählten 

Proteinbeschichtungen kultivierten Zellen erzielt und es folgte die Differenzierung der hiPSCs 

in drei Keimblätter. 

Zusammengefasst, wurden DMAs als miniaturisierte Schnellscreening-Plattform verwendet, 

um mehrere biologische Fragen zu beantworten. Als erstes wurden 776 Wirkstoffe auf 

Nanoebene untersucht und somit kosten-, zeit- und arbeitssparend verwertet. Vierzehn Stoffe 

wiesen eine zwei- bis fünffache Verbesserung der Transfektionstechniken auf. Als zweites 

wurden chemische Komponente von Zellkulturoberflächen und kleinen Volumina (200nl) von 

Zellkulturmedium gefunden, die zur Erhaltung der Pluripotenz von hiPSCs beitragen. Als 

letztes wurden zehn Gruppen von ternären Proteinkombinationen identifiziert, welche das 

Kultivieren von undifferenzierten hiPSCs unterstützen. Zwei von ihnen wurden weiter 

untersucht, um eine Langzeitkultur von undifferenzierten hiPSCs zu erzielen, gefolgt von ihrer 

Differenzierung in drei Keimblätter. Eine Zusammenfassung und eine Aussicht auf die Zukunft 

befinden sich am Ende der Dissertation.  
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1 Introduction 

1.1 Gene delivery 

1.1.1 Gene delivery and its applications 

Gene delivery is the procedure that deliberately introduces naked or purified nucleic 

acids into eukaryotic cells to produce genetically modified cells (Kim & Eberwine, 

2010). According to the long-term effects on a cell, there are two types of gene delivery. 

One is called transient transfection, in which DNAs or RNAs are transiently maintained 

in the nucleus and only expressed for a limited period of time (Stepanenko & Heng, 

2017). The other one is named stable transfection, in which DNAs or RNAs are 

integrated into the genome of the host cells and sustain transfer gene expression even 

after host cells replicate. The transient or stable transfection is ordinarily dependent on 

the nature of the induced nucleic acids (Recillas-Targa, 2006).   

The main purpose of gene delivery is to investigate gene/protein functions and 

regulations by enhancing, inhibiting, or knocking-out specific gene expression in host 

cells. Over the last few decades, due to development of molecular biology together with 

other related fields such as materials science and high-throughput screening techniques, 

gene delivery received large interest and has been widely applied in gene therapy 

(Dunbar et al., 2018), induced pluripotent stem cells (Okita et al., 2008; Yu et al., 2009), 

small interference RNA (siRNA) based therapeutics (Setten et al., 2019), and protein 

production in eukaryotic cells for therapeutic purpose (Hacker & Balasubramanian, 

2016; Priola et al., 2016; Ye et al., 2010). 

Gene therapy, which can be most simply defined as genetic modification for cells of 

patients to produce a therapeutic effect (Kaji & Leiden, 2001). There are many types of 

genetic modifications that can be made to the cells, including knockouts (DNA 

sequence deletions), knockins (DNA sequence insertions), and replacements 

(replacement of DNA sequences with exogenous sequences) (Lanigan et al., 2020). 

Based on these categories and approaches, gene therapy can be used for monogenic 

diseases and complex disorders and infectious diseases (Shahryari et al., 2019; Wang 
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& Gao, 2014). The first gene therapy product that has obtained marketing authorization 

from European Commission (EC) is Alipogene tiparvovec (marketed as Glybera), is a 

gene therapy drug for Lipoprotein Lipases Deficiency (LPLD). It is a recombinant AAV 

(rAAV) vector for treating LPLD by replacing with a functional LPL gene (Yla-

Herttuala, 2012).  Except for Glybera, there are many other gene therapy products that 

are worldwide on the market. Table 1 summarized so-far approved gene therapy 

products and their therapeutic indications and target tissues. Over the last decades, 

considerable efforts in gene therapy field were put and a huge progress was achieved. 

However, only a few of them were translated into the clinic. Nearly 300 gene therapy 

product candidates are currently under investigation at different stages and could 

expand diverse applications in the coming future.  

Table 1. Gene therapy products on the market 

Product name Therapeutic indication and target tissue Key publication 

Defitelio 

(Defibrotide) 

Hepatic sinusoidal obstruction 

syndrome/veno-occlusive disease with 

multi-organ dysfunction 

(Richardson et al., 

1998; Richardson et 

al., 2016; Richardson 

et al., 2010) 

Exondys 51 

(Eteplirsen) 

Treatment of duchenne muscular 

dystrophy 

-Striated muscles 

(Geary et al., 2015; 

Kinali et al., 2009) 

Gendicine (rAd-

p53) 

Head and neck squamous cell 

carcinoma 

(Li et al., 2015; 

Zhang et al., 2018) 

Glybera 

(Alipogene 

tiparvovec) 

Familial lipoprotein lipases deficiency, 

leg muscle 

(Bryant et al., 2013; 

Ferreira et al., 2014) 

Imlygic 

(Talimogen 

laherparepvec) 

Multiple solid tumors 

(melanoma, pancreatic cancer) 

(Hu et al., 2006; 

Senzer et al., 2009) 



1 Introduction 

3 

 

Luxturna 

(Voretigene 

neparvovec) 

Inherited retinal dystrophies, retinal 

pigment epithelial cells 

(Russell et al., 2017; 

Utz et al., 2018) 

Kynamro 

(Mipomersen) 

Treatment of homozygous familial 

hypercholesterolemia 

- Liver, hepatocytes 

(Santos et al., 2015) 

Macugen 

(Pegaptanib) 

Treatment of neovascular age-related 

macular degeneration 

-eye 

(Gragoudas et al., 

2004; Parodi et al., 

2018) 

Neovasculgen 

(Pl-VEGF165) 

Atherosclerotic peripheral arterial 

disease, including critical limb 

Ischemia, intramuscular transfer 

(Deev et al., 2017; 

Deev et al., 2015) 

Oncorine (rAd5-

H101) 

Patients with last stage refractory 

nasopharyngeal, cancer (head and neck 

cancer), NSCLC lung cancer, liver 

cancer, malignant pleural and 

peritoneal effusion and pancreatic 

cancer 

(Nemunaitis et al., 

2000; Xia et al., 

2004) 

Patisiran 

(Onpattro) 

Familial amyloid polyneuropathy 

-Liver, peripheral nerves heart, kidney, 

gastrointestinal tract 

(Adams et al., 2018; 

Adams et al., 2017) 

Rexin-G (Mx-

dnG1) 

metastatic solid tumors (pancreatic 

cancer, Breast cancer, Osteosarcoma, 

Sarcoma) 

(Chawla et al., 2010; 

Gordon & Hall, 

2010) 
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Spinraza 

(Nusinersen) 

Treatment of spinal muscular 

atrophy/motor neurons and central 

nervous system 

(Finkel et al., 2016) 

Vitravene 

(Fomivirsen) 

Treatment of cytomegalovirus retinitis 

-eye 

(Amin et al., 2000; 

Goldberg et al., 

2005) 

Zolgensma 

(Onasemnogene 

abeparvovec) 

Pediatric individuals less than 2 years 

of age diagnosed with SMA having bi-

allelic mutations in SMN1 gene 

(Al-Zaidy et al., 

2019; Dabbous et al., 

2019; Waldrop & 

Kolb, 2019) 

 

1.1.2 Gene delivery methods 

The gene delivery methods are broadly classified into three types: biological, 

chemical, and physical (Figure 1). The choice of different methods depends on cell 

types and purposes since each method has its advantages and disadvantages. The ideal 

method for gene delivery should have high cell viability and delivery efficiency, 

biocompatible, labor-saving, economical, and reproducible.  
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Figure 1. Gene delivery development and methods. (A) Important milestones for gene therapy. 

Modified from (Wirth et al., 2013). (B) Schematic illustration of polymer-based gene delivery. Modified 

from (Jin et al., 2014). (C) Physical methods for gene delivery. Modified from (Jin et al., 2014). (D) 

Schematic diagram of a generic viral vector and a packing construct is introduced into a packaging cell 

line. Modified from (Thomas et al., 2003). (E) Uptake mechanisms of non-viral gene delivery. Modified 
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from (Xiang et al., 2012). (F) Timeline depicting milestones (in colored arrows) towards gene therapies 

for common disease. Modified from (Bulaklak & Gersbach, 2020).  

The most commonly used biological method for gene delivery is based on viral 

vectors, also known as transduction (Pfeifer & Verma, 2001). Viruses could easily 

target host cells and then navigate to cell nuclear to express the transfer gene due to the 

viral nature of them. By replacing part of the genome of a virus with a therapeutic gene, 

viral vector could integrate its DNA to host cell genome and sustainably express gene. 

Adenovirus (Lee et al., 2017), adeno-associated virus (Daya & Berns, 2008), 

cytomegalovirus (van den Pol et al., 1999), herpes simplex virus (Mata et al., 2002), 

lentivirus (Cockrell & Kafri, 2007), pox virus (Moroziewicz & Kaufman, 2005), 

retrovirus (Yi et al., 2011), and vaccinia virus (Yang et al., 2018) are the most 

commonly used viral vectors.  Nevertheless, concerns still remain for application of 

viral vectors, including immunogenicity (Woods et al., 2003), the possibility of 

reverting to a wild-type or co-purify with replication-competent virions (Pack et al., 

2005), limited space to keep infectivity of foreign genes (Kim & Eberwine, 2010), 

target specificity, and high-costs of manufacturing. Therefore, the focus of developing 

safer and more economic viral vectors for gene delivery has been a major focus.  

Chemical transfection methods are the currently most widely used gene delivery 

methods because they have improved safety, high gene compacity, stability, enormous 

flexibility, and easy to be altered to a large scale (Patil et al., 2019).  These advantages 

make them were the first methods used to introduce foreign genes into mammalian cells 

(Schenborn & Goiffon, 2000). In general, positively charged chemical materials 

electrostatically bind to negatively charged DNAs or RNAs to form transfection 

complex, protect transfer genes and mediate cellular entry, followed by translocate into 

cell nuclei and express transfer genes. The commonly used chemical transfection 

methods include calcium phosphate, dendrimer-based vectors, lipid-based vectors, 

nanoparticles, polymeric vectors, and polypeptide vectors. In 1973, calcium phosphate 

was firstly applied to introduce adenovirus DNA into mammalian cells (Graham & van 

der Eb, 1973).  However, calcium phosphate transfections do not always work, resulting 

in variable transfection efficiency by cell type or conditions (Kim & Eberwine, 2010; 

Kingston et al., 2003). Poly(amidoamine) (PAMAM) dendrimers have become the 

most widely utilized dendrimer-based vectors due to the ease of synthesis and the 

availability of commerciality (Dufes et al., 2005; Haensler & Szoka, 1993). Except for 
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PAMAM, other dendrimer-based vectors, poly(propylenimine) dendrimers (PPI), 

poly(L-lysine) dendrimers, phosphorus-containing dendrimers, carbosilane dendrimers, 

are also well developed and established to achieve high transfection efficiency and low 

cytotoxicity. Liposome-based vector was one of the earliest approaches used to 

introduce transfer gene into host cells. These cationic lipids usually comprise three 

structural domains: a cationic headgroup, a hydrophobic portion and a linker between 

these two domains (Kim et al., 2011; Li & Szoka, 2007). The first cationic lipid N-(1-

(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium (DOTMA) was established in 

1987, after that, similar cationic lipids such as 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP), dimethyldioctadecylammonium bromide (DDAB), and 

cetyltrimethylammonium bromide (CTAB) have been developed and applied in gene 

transfection for various types of cells (Felgner et al., 1987; Mintzer & Simanek, 2009; 

Niculescu-Duvaz et al., 2003). Nanoparticle-based vectors is defined by low 

immunogenicity and a low production cost, as well as ease of synthesis when compared 

to other non-viral delivery systems (Encabo-Berzosa et al., 2017). Nanoparticles, 

including quantum dots (Srinivasan et al., 2006), gold nanoparticles (Williams et al., 

1991), silica nanoparticles (Kneuer et al., 2000), carbon nanotubes (Klumpp et al., 

2006), lipid-based nanoparticles (Matsui et al., 2007; Montana et al., 2007), and 

polymeric hydrogel (Mok & Park, 2006) are some of non-viral gene transfection vectors 

that have been applied in transfer gene delivery. Polymer-based vectors can be of 

natural or synthetic origin. In 1975, polylysine (PLL) was found the ability to condense 

DNA and it was subsequently applied in vitro and in vivo gene transfer (Wu & Wu, 

1987, 1988). Other examples of cationic polymers include polyethylenimine (PEI) 

(Ding et al., 2014), polymethacrylate (Cherng et al., 1996), β-cyclodextrin (Szejtli, 

1998), chitosan (Borchard, 2001), poly(glycoamidoamine) (Liu et al., 2004), 

schizophyllan (Mizu et al., 2004), dextran (Rigby, 1969), linear poly(amido-amine) 

(PAA) (Richardson et al., 2001), poly(4-hydroxy-L-proline ester) (Putnam & Langer, 

1999), poly[α-(4-aminobutyl)-L-glycolic acid] (PAGA) (Lim et al., 1999), poly(amino-

ester) (PAE) (Green et al., 2006), and phosphorus-containing polymers (Luten et al., 

2003; Wang et al., 2002). Polypeptide vectors is another distinct approach to deliver 

transfer gene into cells with high efficiency and cell specificity. These peptides can 

deliver DNAs or RNAs into cells by making use of the readily plasma membrane 

crossing ability of short sequences of basic amino acid residues, such as trans-activating 
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transcriptional activators (TAT)-based peptides (Astriab-Fisher et al., 2000; Torchilin 

et al., 2003), antennapedia homeodomain peptide (Huang et al., 2006; Joliot et al., 

1991), MPG peptide (Majidi et al., 2016; Morris et al., 1999), and transportan peptide 

(Kilk et al., 2005). Except for the previously mentioned methods, as the research on 

non-viral vectors is progressing, more and more materials are being investigated to 

search for the promising effects towards high transfection efficiency and low 

cytotoxicity, such as graphene-based vectors and small molecules (Imani et al., 2018; 

Kozisek et al., 2020; Liu et al., 2020). Compared to viral vector-based gene delivery, 

the transfection efficiencies of chemical methods are highly dependent on ratio between 

DNAs/RNAs and chemicals, cell membrane charge, their cellular uptake pathways, 

resulting in the probable low transfection efficiencies. Furthermore, the transfection 

efficiencies of chemical methods vary depending on cell types. Nevertheless, these 

methods possess merits of low cytotoxicity, no mutagenesis, no size limitation on the 

packaged DNAs or RNAs.  

The physical gene delivery methods involve biolistic particle delivery, 

electroporation, laser-based transfection, magnetic field (magnetofection), 

microinjection, and ultrasound (sonoporation). Biolistic particle delivery relies on gold 

nanoparticles that conjugate with nucleic acids (O'Brien & Lummis, 2006). The 

conjugates are shot into recipient cells at high velocity. This is a fast and straightforward 

method, but the downsides are the high cell mortality rate and the high costs of 

expensive instruments. Electroporation and microinjection are two classical approaches 

pf physical transfection methods which are able to deliver DNAs or RNAs (Shi et al., 

2018; Zhang & Yu, 2008). However, these two methods are harsh on cells, often cause 

cell death, demand skill, and are very labor-intensive. Laser-mediated transfection (also 

known as optoporation or phototransfection) uses a pulse laser to irradiate cell 

membranes to form a transient pore (Barrett et al., 2006). Once the pore on the 

membrane formed, the transfer gene could readily enter cells due to the osmotic 

difference between cell culture medium and cytosol. Magnetofection utilizes magnetic 

particles and magnetic fields to transfer gene into host cells. It can be combined with 

other transfection methods or vectors to achieve raised reporter gene expression 

(Scherer et al., 2002). Sonoporation is a technique designed to enhance cell 

permeability through the use of ultrasound. The gene vectors are mixed with ultrasound 

contrast agents and the targeted gene could be transferred by selective insonation of a 
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predefined area (Miller et al., 2002). Physical transfection methods provide appropriate 

options for cells that have been traditionally difficult to transfect. However, they need 

special expensive instruments and experimental skill, which make them very laborious. 

Furthermore, the nucleic acids are very vulnerable during the procedure.  

Transfection methods are evolving rapidly to achieve higher transfection efficiency 

and lower cytotoxicity. From biological methods to physical methods, each method has 

its own pros and cons. The gene delivery method selection is strongly dependent on the 

experimental objectives.  

1.1.3 Small molecules (drugs or compounds) for gene delivery 

The primary method to improve transfection is chemical modification of existing 

gene delivery vectors based on the emerged structure-property trends (Gao et al., 2018; 

Gao et al., 2016; Madkhali et al., 2019; Yao et al., 2015). The methods aim to navigate 

a series of obstacles, such as complexation or condensation of DNAs or RNAs and 

transfection vectors (conditions including concentrations of DNAs or RNAs, pH, type 

of buffer, and B/P ratio, as well as sizes) (Mintzer & Simanek, 2009), serum stability 

(forming large aggregates resulting in ineffective gene delivery (Lai & van Zanten, 

2001); adsorption of serum albumin and other negatively charged proteins lead to rapid 

clearance (Dash et al., 1999), cellular uptake and endosome escape (most of the 

transfection complex internalized by cells via various endocytic routes (Mislick & 

Baldeschwieler, 1996; Molas et al., 2003) and then trapped into endosome), cell nuclear 

localization, and transcriptional and translational regulation (Wiethoff & Middaugh, 

2003). Although these methods have advantages in terms of non-immunogenicity of 

vectors, most of these approaches suffer from poor efficiency of delivery and transient 

expression of the gene. In addition, one of the drawbacks of these approaches is the 

diminished specificity of these materials (Putnam, 2006). An alternative adjuvant 

strategy is pharmacological priming (drug repurposing), by which conjugation with 

gene delivery vectors and nucleic acids can be achieved and further accomplish relevant 

gene delivery efficiency and transfer gene expression. Priming refers to exposing cells 

to small molecules (drugs or chemical compounds) before, during, or after the 

transfection in order to improve some aspects of the gene transfer. By pharmacological 

priming, the transfection efficiency enhancement and transfer gene expression can be 
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achieved through direct modulation of barriers mentioned above, or indirect through 

modulation cellular response to transfection in terms of toxicity and related gene 

expression (Nguyen et al., 2016).  

In 1983, Luthman et al. reported that exposure to chloroquine increased the 

proportion of transfected mouse cells to approximately 40% (Luthman & Magnusson, 

1983). Chloroquine has been demonstrated to contribute to endosome escape and avoid 

lysosomal degradation (Figure 2A) (Cheng et al., 2006). Glucocorticoid priming has 

been displayed to enhance viral and nonviral gene delivery for multiple cell types 

(Bernasconi et al., 1997; Braun et al., 1999). Abby M Kelly et al. showed that priming 

human mesenchymal stem cells (hMSCs), a typically difficult to transfect cell type, 

with dexamethasone increased 10- to 15- fold luciferase activity and the proportion of 

hMSCs expression transgenic enhanced green fluorescent protein (EGFP) by about 

three-fold (Kelly et al., 2016). Neomycin is an aminoglycoside antibiotic which could 

stabilize multiplex nucleic acid structures (Arya et al., 2001; Arya et al., 2003), making 

it an enhancer for transfection efficiency of both reporter plasmids and oligonucleotides 

and resulting in a significant increase in transfer gene expression (Figure 2B) (Napoli 

et al., 2005). Nocodazole, as an antineoplastic agent by interfering with the 

polymerization of microtubules (Vasquez et al., 1997), could increase transfection 

efficiency of various gene delivery vectors (Figure 2C) (Hasegawa et al., 2001; Li et 

al., 2009; Wang & MacDonald, 2004). While broad applicability of transfection 

priming to various gene delivery vectors, nucleic acids, and cell types has not been 

established, a next step is utilizing this strategy to define other small molecules (drugs 

or chemical compounds) which might have priming effects.  
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Figure 2. Small molecules enhance transfection efficiency. (A) Chloroquine is used as transfer gene 

expression enhancers in non-viral gene delivery. Modified from (Cheng et al., 2006). (B) Neomycin is 

used as the transfection enhancer for cationic lipid-mediated transfection of DNA. Modified from (Napoli 

et al., 2005). (C) Nocodazole (NCZ) improves the transfection efficiency of gold nanoparticles mediated 

gene delivery. Modified from (Li et al., 2009). 

1.2 Human induced pluripotent stem cells (hiPSCs)  

1.2.1 HiPSCs and their potential in research 

In the last decades, multitudinous technological breakthroughs were made and have 

driven basic, translational, and clinical advances in stem cell research fields, among 

which induced pluripotent stem cells (iPSCs) technology is the major milestone (Figure 

3) (Omole & Fakoya, 2018). Four transcription factors — OCT4, SOX2, KLF4, and 

MYC — also known as “Yamanaka factors”, were introduced into somatic cells (such 

as fibroblasts) and converted somatic cells into iPSCs (Takahashi & Yamanaka, 2006). 

In 2007, two research groups reported the successful generation of hiPSCs from human 

fibroblasts (Takahashi et al., 2007; Yu et al., 2007). In 2012, Shinya Yamanaka and 

John Gurdon were co-recipients of the Nobel Prize for Physiology or Medicine due to 

their discovery in reprogramming mature cells to a pluripotent state. Like human 
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embryonic stem cells (hESCs), hiPSCs have the capacity to self-renewal and 

differentiate into specialized cells in the human body, making them holding tremendous 

potential for regenerative and transplant medicine (Dakhore et al., 2018), disease 

modeling (Figure 3B) (Spitalieri et al., 2018), drug discovery and toxic screening (Cota-

Coronado et al., 2019), personalized theranostics (Figure 3C), and human 

developmental biology (Nelson et al., 2010; Nishikawa et al., 2008).  
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Figure 3. Development of iPSCs and their applications. (A) Timeline of the development of iPSCs. 

Modified from (Omole & Fakoya, 2018). The application of iPSCs in (B) disease modelling and (C) 

personalized theranostics. Modified from (Shi et al., 2017) and (Nelson et al., 2010), respectively.  

The hiPSCs technology offers a unique opportunity for autologous transplantation. 

In regenerative medicine, tissues generated by hiPSCs could be transplanted to the site 

of injured or degenerated tissues and then repair the injury or degeneration. HiPSCs 
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have been applied in plenty of injuries, such as musculoskeletal injury (Tan et al., 2012), 

spinal cord injury (Nori et al., 2011), and liver damage (Liu et al., 2011). Other than 

injuries, disease can also be treated with hiPSCs. In 2007, Hanna et al. treated sickle 

cell anemia (SCA) with iPSCs generated from autologous skin (Hanna et al., 2007). 

The iPSCs were differentiated into hematopoietic progenitor cells and subsequently 

transplanted into mice models, resulting in rescue and correction of disease phenotype. 

Kazuki et al. reprogrammed fibroblasts from Duchenne muscular dystrophy (DMD) 

patients and corrected them by human artificial chromosome (HAC) via microcell-

mediated chromosome transfer (MMCT), which might open a more sophisticated 

method for DMD gene therapies (Kazuki et al., 2010). HiPSCs can also be used for 

production of red blood cells (RBCs), which helps blood generation (Lim et al., 2013). 

For many other tissue repairmen, hiPSCs could also help, such as cardiovascular cells 

for repairing of heart valves, vessels, and ischemic tissues (Ye et al., 2014). Wernig et 

al. reported transplanting of iPSCs-derived dopaminergic neurons improved 

dopaminergic function and behavioral symptoms in a Parkinson’s disease (PD) rat 

model. In 2014, the first clinical trial using hiPSCs was initiated by transplanting 

hiPSCs-derived retinal pigment epithelial (RPE) to treat macular degeneration 

(Kimbrel & Lanza, 2015). The advances in genome editing or genome engineering 

allow site-specific genetic changes, taking iPSCs based regenerative medicine to new 

heights. Researchers now can repair gene mutations in patient-derived iPSCs to 

generate genetically healthy hiPSCs, as well as introduce specific mutations into non-

diseased iPSCs to generate genetically matched isogenic hiPSCs that simulate the real 

pathology of the diseases. Gene editing technologies like zinc-finger nucleases (ZFN) 

(Hockemeyer et al., 2009), transcription activator-like effector nucleases (TALENS) 

(Hockemeyer et al., 2011), clustered regularly interspaced short palindromic repeats-

associated protein 9 (CRISPR-Cas9) systems (Cong et al., 2013), and meganucleases 

(Silva et al., 2011) make great contribution to this field.  

To look for new therapeutic strategies for human disease, identifying the 

pathological mechanisms plays a major role. Thus, a recapitulative human disease 

model is needed instead of currently commonly used animal models such as mice.  It is 

of more importance and meaning to develop in vitro and corresponding in vivo model 

in parallel. Human patient-derived primary cells are helpful for therapeutic studies of 

human diseases. However, the application of primary cells is limited by the lack of 
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expandable sources of primary cells from human patients and hard-to-access. The 

ability of hiPSCs to infinite self-renewal and differentiate into all cell types in the 

human body ensures them as disease models to identify diseases both in vitro and in 

vivo, such as accessing neurons and cardiomyocytes from hiPSCs. In addition, hiPSCs 

are favorable sources for personalized medicine since hiPSCs can be derived from the 

relevant patients themselves. There are many in vitro studies have demonstrated the 

feasibility of using hiPSCs technology to study genetically inherited and sporadic 

diseases (the causes of which have not been identified in the family history of the 

patients or genetic mutations). Neural disorder is one of the most widely studied disease 

modeling for hiPSCs. Amyotrophic lateral sclerosis (ALS) is a type of neural disorder 

which exhibits persistent death of motor neurons and usually can be diagnosed in the 

late stage of disease progression. The first ALS disease model from hiPSCs was 

generated in 2008 (Dimos et al., 2008). Since then, the mutations of ALS have been 

studied using hiPSCs-based ALS disease models, including Tar DNA binding protein-

43 (TDP-43) (Kabashi et al., 2010), vesicle-associated membrane protein-associated 

protein B (VAPB) (Mitne-Neto et al., 2011), and superoxide dismutase 1 (SOD1) 

(Haidet-Phillips et al., 2011). The Alzheimer’s disease (AD) is caused by the 

misfolding of amyloid- (A) and tau proteins (Karagiannis et al., 2019). The study of 

AD therapeutics focused on A protein, amyloid precursor protein (APP), and 

prensilin-1 and -2 (PS1 and PS2) (Payne et al., 2015; Tong et al., 2015). Israel et al. 

developed a hiPSCs model and showed significantly higher levels of A, 

phosphorylated (P-) tau protein, and active glycogen synthase kinase-3 (GSK-3) 

(Israel et al., 2012). Based on hiPSCs-derived neurons, Yagi et al. demonstrated that -

secretase inhibitors remedied abnormal A levels and Moore et al. showed -secretase 

inhibition increased P-tau levels (Moore et al., 2015; Yagi et al., 2011). Apart from the 

above studies, genetic and epigenetic differences between cell lines also influence the 

study of AD diseases. Hence, isogenic cell lines generated from hiPSCs were evolved 

to investigate AD related proteins and genes (Woodruff et al., 2013; Young et al., 2015). 

Parkinson’s disease (PD) is a common neurodegenerative disorder and characterized 

by a significant loss of dopaminergic neuron (Davie, 2008). HiPSCs based studies 

found that SNCA (Ryan et al., 2013), LRRK2 (Liu et al., 2012), and PINK1 gene 

mutations play important roles in PD diseases (Seibler et al., 2011). The first 

nonneuronal disease modeling investigation using hiPSCs was done by Vallier 
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laboratory (Rashid et al., 2010). They successfully demonstrated that cells generated 

from patients hiPSCs could recapitulate key pathological features of the hepatological 

diseases such as aggregation of misfolded α1-antitrypsin in the endoplasmic reticulum, 

deficient low-density lipoprotein (LDL) receptor–mediated cholesterol uptake, and 

elevated lipid and glycogen accumulation. Besides, the hiPSCs of patients were also 

used to investigate other hepatological diseases, such as Niemann-Pick disease type C 

(NPC) (Soga et al., 2015), familial amyloidotic polyneuropathy (FAP) (Hoepfner et al., 

2017; Isono et al., 2014), urea cycle disorders (Kim et al., 2016; Yoshitoshi-Uebayashi 

et al., 2017). Except for 2D diseases models, hiPSCs were also used to form 3D cystic 

or ductal organoid for disease investigation (Ogawa et al., 2015; Sampaziotis et al., 

2015). The hiPSCs are also used to study hematological and immunological diseases. 

The first hiPSCs-based hematological model was reported in 2009 (Raya et al., 2009), 

in which the fibroblasts from Fanconi anemia (FA) patient were reprogrammed to 

prepare the FA disorder model. Further, by transplantation of hiPSCs differentiated 

hematopoietic progenitors into a mouse model resulted in recovered human hemoglobin 

levels (Wang et al., 2012). Besides, hiPSCs-based diseases are also being used to 

investigate Shwachman-Diamond syndrome (SDS) (Tulpule et al., 2013), Juvenile 

myelomonocytic leukemia (JMML) (Gandre-Babbe et al., 2013), and chronic infantile 

neurological cutaneous articular (CINCA) syndrome (Tanaka et al., 2012). Last but not 

least, hiPSCs are used to investigate human cardiac diseases, in which mouse models 

might be misleading, including hypertrophic cardiomyopathy (HCM) (Han et al., 2014; 

Lan et al., 2013), dilated cardiomyopathy (DCM) (Sun et al., 2012a), cardiac 

arrhythmias (Egashira et al., 2012; Itzhaki et al., 2011), timothy syndrome (Yazawa et 

al., 2011), and LEOPARD syndrome (Carvajal-Vergara et al., 2010). The patient 

hiPSCs have created specific cells that can be used as in vitro models for many diseases 

for which previously there were none (Karagiannis et al., 2019). However, the variance 

in maturity and functionality of the acquired somatic cells still limits the application of 

hiPSCs technology for the study of disease.  

Another important application of hiPSCs is drug discovery. Animal-derived cells 

fail to replicate the exact human physiological conditions and related phenotype. Also, 

animal models are not good enough since a chemical might work for one animal but 

not work for another animal. Last, a newly discovered therapeutic must be tested on 

human cells or human test models while some cell types are hard-to-access. These 
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reasons make iPSCs and their directing differentiated somatic cells good candidates for 

drug discovery and screening. The first report of a large-scale drug screening based on 

iPSCs uses neural crest precursors derived from familial dysautonomia (FD) patient. 

Researchers tested 6,912 small molecules and characterized 8 small molecules rescued 

FD responsible gene IKBKAP (Lee et al., 2012). Burkhardt et al. reported drug 

screening on iPSCs generated from amyotrophic lateral sclerosis (ALS) patients 

(Burkhardt et al., 2013). TAR DNA-binding protein (TDP43) aggregation in motor 

neurons was identified and used as a read out to select compounds that reduced TDP43 

aggregation. A new molecular mechanism of fibrodysplasia ossifcans progressiva (FOP) 

was identified by an iPSCs model (Hino et al., 2015). Based on the same model, a high-

throughput screening was applied. In the screening, rapamycin was identified to prevent 

the ossification in mice (Hino et al., 2017). The first drug that reached clinical trial for 

iPSCs studies was ezogabine, which is indicated for epilepsy. Studies using ALS 

patients derived iPSCs showed that ezogabine could protect the correcting motor 

neuron physiology through Kv7.2/3 class of potassium channels (McNeish et al., 2015). 

Other examples such as bosutinib and statin were reported for promote survival of 

motor neurons (Imamura et al., 2017) and promote bone growth in skeletal dysplasia 

(Yamashita et al., 2014), respectively. Development of new drugs and candidates is 

expensive. The prediction of adverse and side effects at early stage will significantly 

lower the costs. However, the requirement of abundant and stable human samples 

makes development of new drugs problematic. The intrinsic properties of hiPSCs 

provide a superior option. In general, the toxicity screening targets are neurons, 

cardiomyocytes, and hepatocytes. A broad set of structurally diverse drugs are applied 

to predict drug induced arrhythmia, torsade de pointes (TdP), and QT prolongation 

(Guo et al., 2013). Human iPSCs derived hepatic cells that expressed functional 

molecules such as cytochrome P450 3A4 (CYP3A4) could uptake indocyanine green 

and respond to known hepatotoxic drugs (Takayama et al., 2012; Yamada et al., 2002). 

Even though there are many advantages of iPSCs technology, challenges such as cell 

maturity and cellular heterogeneity still exist.  

The decades development of iPSCs technology combined with other novel 

technologies makes us to have a better understanding the molecular mechanisms of 

iPSCs, diseases, treatments, and developmental biology. However, several issues 

remain to be addressed. The first issue is the differentiation efficiency variations (Inoue 
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et al., 2014). The second issue is the heterogeneity of “primed” and “naive” states of 

iPSCs, which lead to heterogeneous cell population and differentiation potential 

(Narsinh et al., 2011). The third issue is the probable biomedical ethics for combination 

of iPSCs with 3D technology. For example, the relevant ethics for organoid technology 

have not been sufficiently addressed until now. The clinical applications of iPSCs have 

been achieved less than ten years after the first human iPSCs were reported. It can be 

expected that great and encouraging success will be achieved in the coming future. 

1.2.2 Substrates for hiPSCs cultivation 

 

Figure 4. Evolution of hiPSCs cultivation. The illustration depicts the progression (left to right) from 

co-culture with feeder cells and serum-containing medium, to feeder-free culture in chemical-defined 

medium. Modified from (Villa-Diaz et al., 2013).  

Even though some research has cultured hiPSCs in suspension (Wang et al., 2013; 

Zweigerdt et al., 2011), hiPSCs are usually regarded as anchorage-dependent cells for 

which cell culture substrates are required for cell survival and proliferation in vitro. 

HiPSCs do not inherently attach on any general cell culture substrates, such as normal 

glass, plastics, or agars. Thus, there must be some surface functionalization or 

modification to promote adhesion (Hayashi & Furue, 2016). HiPSCs rely on various 

signaling pathways which are related to basic fibroblast growth factor (FGF-2), 

Activin/Nodal, and transforming growth factor beta (TGF-) pathways for self-renewal 

(Vallier et al., 2009). Besides, hiPSCs have a drastic loss of viability after enzymatic 

dissociation as single cells. Thus, hiPSCs are usually dissociated and passaged as 

colonies and aggregates (Ohgushi et al., 2010; Watanabe et al., 2007) .  

Figure 4 shows the evolution of hiPSCs culture substrates. The early culture methods 

for hiPSCs were similar to the methods developed mouse embryonic stem cells (mESCs) 

(Evans & Kaufman, 1981), in which irradiated or mitomycin C-treated mouse 

embryonic fibroblasts (MEFs) or immortalized embryonic fibroblast lines (SNL or STO 
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cell lines) (Pan et al., 2010; Yoshida et al., 2009) were utilized as feeder cells in cell 

culture medium containing fetal calf serum (FCS) or serum replacement (SR) (Llames 

et al., 2015). Feeder cells can support hiPSCs attachment and self-renewal by secretion 

of essential growth factors, cytokines, and extracellular matrices (ECM) such as FGF-

2, TGF-, activin A, laminin (LN), and vitronectin (Eiselleova et al., 2008). However, 

the gamma-irradiation not only impedes cell proliferation but also influences general 

cell metabolization and subsequently alters the secretion of factors, cytokines and 

deposition of ECM (Villa-Diaz et al., 2013). Moreover, the undefined environments or 

components of feeder cells, FCS, or SR make it difficult to identify which factors are 

indispensable for hiPSC culture and self-renewal. The feeder cells also have other 

troubles such as cellular cross-contamination, the lack of reproducibility, and time-

consuming problems.  

To overcome these problems, feeder-free culture approaches have been developed. 

Several commercially available feeder-free culture systems for hiPSCs have been 

displayed, including Matrigel (Corning Life Sciences, USA) (Gross et al., 2013), 

Geltrex (Life Technologies, USA) (Ullah et al., 2020), and Cultrex Basement 

Membrane Extract (Trevigen Inc, USA) (Fridman et al., 2012). They are derived from 

Engelbreth-Holm-Swarm mouse sarcomas which contains numerous growth factors 

(such as TGF- and FGF-2), proteins (~ 60% LN, ~ 30% collagen Ⅳ, entactin and the 

heparin sulfate proteoglycan perlecan), enzymes (such as matrix metalloproteinases 

(MMPs) (Gillette et al., 2003), as well as other unknown components. However, the 

animal origin leads to problems related to immunogenicity, and microbial and viral 

contamination. In addition, Matrigel undergoes gelation at temperatures in the range of 

22-37 ºC, resulting in variations in the mechanical and biochemical properties within a 

single batch and among batches. Therefore, a chemically well-defined, xenogenic-free 

cell culture environment is strongly required and should be applied to in vitro culture 

of hiPSCs.  

In order to overcome problems coming from animal-derived materials and their 

mechanical and biochemical properties, the cell culture substrates must be carefully 

audited for animal-derived raw materials controls in compliance with regulations in 

applying to clinical and regenerative medicine. Thus, specific ECM proteins and 

synthetic substrates have been commonly investigated and used in recent years. LNs 
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are widely used ECM proteins for hiPSCs cultivation since they play important roles in 

structural organization of the basement membrane and the regulation of cell behavior 

(de la Loza et al., 2017). LNs are heterotrimeric proteins that contain an α-chain, β-

chain and a γ-chain, in which five, four, and three genetic variants were found, 

respectively. The LN subtypes are named according to their chain compositions 

(Aumailley et al., 2005). For instance, LN-111 consists of α1, β1 and γ1 chains. There 

are at least sixteen isoforms of LN expressing in the human body (Yurchenco, 2011), 

including LNs-111, 121, 211, 213, 221, 331, 312, 321, 332, 411, 421, 422, 423, 511, 

521, and 521 (Aumailley et al., 2005; Macdonald et al., 2010). Several studies 

investigated the role of LNs in hiPSCs attachment and self-renewal. A study showed 

that LN-511 could support long-term self-renewal of human pluripotent stem cells 

(hPSCs) (Rodin et al., 2010). Another study showed that α-5 LN promotes hPSCs self-

renewal in an autocrine and paracrine manner (Laperle et al., 2015). LN-521 was also 

demonstrated to successfully maintain hPSCs self-renewal for long-term culture when 

combined with E-cadherin (Rodin et al., 2014). Moreover, recombinant E8 fragments 

of LN-511 or LN 332 (LM-E8) were proven to sustain long-term self-renewal of hPSCs 

in defined xeno-free media (Miyazaki et al., 2012). Other than LNs, some ECM 

proteins have been demonstrated to support the self-renewal of hPSCs. Vitronectin is a 

glycoprotein of the hemopexin family which is found abundantly in serum, the ECM, 

and bone (Schvartz et al., 1999). Research have shown that vitronectin could support 

the self-renewal of hPSCs for long-term (Braam et al., 2008; Rowland et al., 2010). 

Chen et al. compared the wide type vitronectin (VTN-WT) with three variants which 

truncated at N-terminus (VTN-N), C-terminus (VTN-C) or both (VTN-NC) as coatings 

for hPSCs (Chen et al., 2011a). VTN-N was found to better support the attachment and 

survival of hPSCs than VTN-WT. Fibronectin (FN) is an ECM glycoprotein which 

binds to integrins (Pankov & Yamada, 2002). It has been demonstrated to successfully 

support long-term self-renewal of hPSCs (Baxter et al., 2009; Hughes et al., 2011), 

although some results showed that it cannot maintain the pluripotency of hPSCs (Braam 

et al., 2008; Xu et al., 2001). This discrepancy might come from the differences of 

sources, differences in production process, or manipulating methods. To our knowledge, 

the systemically investigations of other single ECM proteins to long-term culture of 

hPSCs have not been reported. Other proteins, such as collagen, hyaluronic acid (HA), 

E-cadherin, are reported to successfully support hPSCs in an undifferentiated state 
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when combined with other materials or techniques. Lee et al. found that collagen type 

Ⅰ could achieve 100% adhesion maintenance and suppress differentiation of hESCs 

when co-immobilized with Heparin-catechol (HepC) (Lee et al., 2016). One study 

showed when encapsulated in 3D HA hydrogels, hESCs maintained their 

undifferentiated state and fully differentiation capacity (Gerecht et al., 2007). E-

cadherin is a Ca2+-dependent cell-cell adhesion molecule. It was reported that the 

pluripotency of hPSCs could be maintained for a long-term on the surface coated with 

a fusion protein consisting of the E-cadherin extracellular domain and the IgG Fc 

domain (E-cad-Fc) (Nagaoka et al., 2010).  

However, the expensive manufacturing cost of natural and recombinant proteins 

under good manufacturing practices (GMPs), large-scale purification and production of 

functional proteins is laborious, costly and time consuming. Thus, the synthetic 

materials that can be easily modified have been designed and developed for 

undifferentiated hPSCs culture. Poly(2-(methacryloyloxy) ethyl dimethyl-(3-

sulfopropyl) ammonium hydroxide) (PMEDSAH) was the first fully synthesized 

polymer that reported to support long-term culture of hESCs (Qian et al., 2014). The 

self-renewal influence factors for hESCs, such as hydrophilicity, thickness, and surface 

charge, can be adjusted by altering the polymerization mode and the reaction time. 

PMEDSAH showed a similar gene expression pattern after 20 passages when compared 

with Matrigel. In another study, 16 polymers out of 90 polymers showed similar 

capability to Matrigel in short-term culture of hPSCs and maintaining pluripotency of 

hPSCs (Brafman et al., 2010). Among these 16 polymers, a synthetic polymer poly 

(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA) was demonstrated to 

support long-term attachment, proliferation and self-renewal of hPSCs. In addition to 

the physical properties, such as stiffness, topography, and surface charge, the 

biochemical properties of the cellular microenvironment also of importance in stem cell 

culture. The cell-matrix interactions can be tuned on synthetic materials by combining 

with cell-adhesion motifs. Peptides that bind to integrin receptors have been developed 

and investigated on synthetic materials to maintain cell proliferation and support long-

term self-renewal. One of the most ubiquitously utilized peptide is the FN-derived three 

amino acids peptide Arg-Gly-Asp (RGD), which could bind to αvβ3 and αvβ5 integrins 

(Mondal et al., 2013). Based on RGD peptide, one study reported to covalently tethered 

RGD peptide to poly (acrylamide-co-propargyl acrylamide) (PAPA) brushes could 
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achieve scalable, stable, and long-term culture of hPSCs (Lambshead et al., 2018). The 

cyclo (Arg-Gly-Asp-D-Phe-Lys) (cRGDfK) was identified the most effective peptide 

for hPSCs culture when compared with other peptides originated from LN, fibronectin, 

and vitronectin. In another study, several hydrogels with varying RGD concentrations 

were identified to show similar pluripotency maintenance capability of hESCs to 

Matrigel (Nguyen et al., 2017). Except for RGD peptide, other peptide derived from 

ECM proteins have also been studied. A peptide (Ac-KGGPQVTRGDVFTMP 

sequence), which is derived from an active domain of VN, was covalently tethered to 

the poly (oligo (ethylene glycol) methacrylate (OEGMA-co-HEMA) polymer brushes 

modified surface. The synthetic substrate supports long-term proliferation and self-

renewal of hiPSCs (Deng et al., 2013). In another study, a VN derived peptide 

(KGGPQVTRGDVFTMP) was grafted on poly (vinyl alcohol-co-itaconic acid) (PVA-

IA) hydrogel to investigate the effect of substrate stiffness on pluripotency and 

proliferation fates of hPSCs (Higuchi et al., 2015). The hPSCs cultured on the hydrogel 

surface maintained their pluripotency for over 20 passages in xeno-free conditions. 

Other studies showed that proteoglycan-binding peptides, which can interact with 

glycosaminoglycans on the cell surfaces, are effective for supporting self-renewal of 

hPSCs (Klim et al., 2010; Musah et al., 2012). Except for FN- and VN-derived peptides 

modification, the synthetic materials have also been used to mimic the role of 

proteoglycans to support stem cells culture. Chang et al. reported poly (sodium 4-

styrenesulfonate) (PSS) copolymerizing with polyacrylmide (PAM) at certain ratios 

and the obtained hydrogel (PAM6-co-PSS2) could support long-term self-renewal of 

hPSCs (Chang et al., 2013). Apart from 2D stem cell culture, 3D cell culture holds 

benefits including rapid cell growth, prevention of large cell aggregates formation, 

isolation of cells from shear forces, and sufficient porosity for nutrient diffusion. For 

instance, Lei et al. reported a hydrogel-based 3D cell culture system for expansion and 

differentiation of hPSCs (Lei & Schaffer, 2013). One study synthesized poly(ethylene 

glycol) (PEG)-based hydrogels formed by light-triggered thiol–ene ‘click’ chemistry 

with specific receptor-binding peptides for investigating their influence on iPSC 

viability and differentiation, in which YIGSR and PHSRNG10RGDS were identified to 

effective for iPSCs proliferation and clustering in 3D (Ovadia et al., 2018). In another 

study, Caiazzo et al. reported MMP-degradable, RGD-functionalized PEG hydrogels 

increasing the reprogramming efficiency of human fibroblasts into hiPSCs by 2.5-fold 
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compared with a conventional 2D culture and supporting homogeneous hiPSCs colony 

formation (Caiazzo et al., 2016).  

1.3 High-throughput screening (HTS) 

1.3.1 HTS and its applications 

The concept of high-throughput screening (HTS) firstly appeared in the mid-1980s 

and has evolved over the last decades to serve the needs in biological and 

pharmaceutical research (Figure 5).  It is the process by which multitudinous 

compounds or drugs can be tested in an automated fashion (Broach & Thorner, 1996). 

Now HTS is one of the cornerstones of modern drug discovery sitting at the interfaces 

between pharmacology, biology, computational science, and medicinal chemistry. The 

ultimate goal of HTS is to generate “hits” or “leads” which are crucial in determining 

the later potential of success and feeding into the drug discovery and development in 

therapeutics setting or being applied to address biological questions in the basic 

research (Table 2) (An & Tolliday, 2010; Bleicher et al., 2003). The rapid progress of 

chemistry and biology in late 1980s to mid-1990s drives a significant advancement in 

HTS. The potential of combinatorial chemistry and genomic targets makes HTS 

technologies to evaluate numerous new candidates in pharmaceutical industries. As a 

result, speedy promotions raise HTS technologies in an automated and miniaturized 

manner (Hertzberg & Pope, 2000). Decade from 1991 to 2001 witnessed a huge 

technological revolution due to the human genome project first published a 90% 

complete sequence of all three billion base pairs in the human genome (Lander et al., 

2001). The world’s pharmaceutic companies raced to identify new drugs and novel drug 

targets. In recent years, interest in HTS among academic, medium and small biotech 

companies, governmental, and not-for-profit screening sites as well as contract research 

organizations (CROs) have been dramatically increased, resulting in the rapid 

development of HTS technologies in combination with complementary technologies 

such as computational science and combinatorial chemistry (Wildey et al., 2017).  



1 Introduction 

24 

 

 

Figure 5. The origin and evolution of HTS. Modified from (Pereira & Williams, 2007).  

Table 2. Terminology in HTS 

Terms Definitions 

Assay Precisely defined and efficiently designed experiment 

measuring the effect of a substance on a biochemical or 

cellular process of interest 

High-throughput 

screening (HTS) 

Iterative testing of different substances in a common assay. 

Screen is generally considered high throughput for >10,000 

wells per day. Ultra HTS (uHTS) is reserved for >100,000 

wells per day 

Active Biochemical activity at 1 concentration, 1 well 

Confirmed active Retest of active in replicate 

Hit Artifacts removed by deselection assays, typically single point 

Confirmed hit Dose–response curve, basic structure confirmation, and purity 

tested by LCMS 

Lead Member of a series of compounds for which a chemical 

optimization plan can be foreseen 
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False positive HTS “active” that is not active at the target 

False negative A compound with activity toward the target biology that is not 

identified in HTS. 

 

The HTS is a time-limited but intensive process which is influenced by two most 

critical elements—assays and the quality of the compound collection. Appropriate 

design of the assay is essential to perform a successful HTS. One of the main challenges 

in the evolution of HTS is to develop assays which can be performed at a high-

throughput, statistical robustness, and reproducibility with the budgetary constraints. 

For this reason, there is a trend for decreasing the assay volumes and increasing the 

density, which is more time-saving and requires less consumption of consumables. The 

other critical element is the management of compound collections. Many sets of 

guidelines and recommendations have been developed over the last decades to reach a 

high quality HTS library (Lipinski et al., 1997). Christopher A. Lipinski formulated a 

rule, which is called Lipinski’s rule of five or Pfizer’s rule of five, to evaluate the 

drugability of chemical compounds. The rule states as a molecule with a molecular 

mass less than 500 Da, no more than 5 hydrogen bond donors, no more than 10 

hydrogen bond acceptors, and an octanol–water partition coefficient (log P) not greater 

than 5. The physicochemical characteristics of components in the HTSs library, such as 

molecular weight, solubility, and aggregation as well as predicted characteristics are of 

key importance for the quality of the HTS library. Except the characteristics of the 

library, the storage format, purity/integrity, and retrieval flexibility are also highly 

relevant to the outcome of HTS. Dimethyl sulfoxide (DMSO) is a widely used solvent 

for most libraries due to its ability to solve most small molecules at millimolar 

concentrations. Peptides libraries need other solvents. The libraries are normally stored 

at -20 ºC to -80 ºC. The storage format has been developed from 96-well plates to the 

current 384-well plates and sealed microtubes. The quality control of commercially 

available libraries is usually performed by liquid chromatography-mass spectrometry 

to ensure the purity and stability of the compounds.  

HTS enables investigation of very large numbers of molecules in miniaturized in 

vitro assays to identify molecules which are capable of addressing related questions, 
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making it widely acceptable and being applied in several fields. HTS is originally 

developed for pharmaceutical industry, it is one of the major steps in drug discovery. 

In 2007, US National Research Council (NRC) reported on Toxicity Testing in the 21st 

Century, which emphasized the importance of new technologies like HTS in the toxicity 

testing field. Based on this report, toxicity tests utilizing HTS technology have been 

widely conducted (Krewski et al., 2020). These efforts provide a new foundation for 

much more rapid risk assessments and subsequent risk decision-making. HTS can be 

widely used in biochemical assays and cell-based assays, including enzymatic activity 

assessment (Burns et al., 2006), biocatalysts screening (nitrilases) (Xue et al., 2016), 

ligand-binding assessment (Fang, 2012), ion channels (Yu et al., 2016) and protein-

protein interactions (Voter et al., 2016). In 2001, Regelin et al. developed a 96-well 

plates-based and a pipetting robot equipped HTS method to characterize transfection 

efficiency and cytotoxicity of diverse cationic lipids in various adherent cell types, 

including melanoma cancer cell MEXF462NL, colon carcinoma cell HT-29, kidney 

carcinoma cell RXF944L, bronchial epithelial cell line 16HBE-140–, endothelial cells 

HUVEC, Chinese hamster ovary cell (CHO), and monkey kidney derived COS-7 cells 

(Regelin et al., 2001).  He et al. reported an experimental-computational pipeline for 

HTS of drug combination effects in cancer cells. When integrating HTS with advanced 

synergy scoring tools, reliable detection of synergistic drug interactions within a 

specific window of concentrations can be achieved (He et al., 2018). In another study, 

a cell-based HTS of a library of 12,816 chemical compounds was reported to identify 

miRNA pathway modulators in human HeLa cells and mouse NIH 3T3 cells 

(Brustikova et al., 2018). The primary HTS experiments were followed by 11 dose-

responsive validation experiments with 248 compounds selected from the primary HTS 

experiments. The results identified 163 putative miRNA inhibitors, providing a 

comprehensive reporter collection for future application of small compound modulators 

of miRNA pathways. A 96-well plates-based HTS that screened totally 10,011 small 

molecule compounds was reported to determine the efficacy in recombinant protein 

expression (Chang et al., 2020). Two histone deacetylase inhibitors, apicidin and M-

344, were found to increase the expression of recombinant protein, suggesting the 

increasing effect was mediated by promoting histone acetylation. The HTS has 

experienced decades of progress and is now being more and more mature in 

biochemical and pharmaceutical fields (Figure 6). When combined with artificial 
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intelligence (AI), HTS is expected to make the hunt for new biological targets, drugs 

and molecules faster, cheaper, and more effective.  

 

Figure 6. Major steps in drug discovery, including primary HTS in vitro, secondary screening, 

structure-activity relationship (SAR) and in silico studies. In the secondary screening, counter screenings 

and ADMET studies (adsorption, distribution, metabolism, excretion, and toxicity) need to be conducted. 

After these processes, the selected compounds have now passed all preclinical tests and then are 

transferred to clinical trials. Modified from (Chan et al., 2019).  

1.3.2 Current platforms and technologies for HTS  

The microtiter plate based HTS platform has been increased from 96-well plates, to 

the currently standard 384-well plates, 1536-well plates, 3456-well plates and even 

higher well densities (ultra HTS (uHTS)). The throughput and efficiency have been 

improved accompanied with the well density increase. Boettcher and Mayr compared 

the impact of density for 1 million compound library screening with a commercially 

available protease assay. If the protease assay was done in 96-well plates, it requires 

11,364 96-well plates. Increasing density to 384- and 1536-well plates could reduce the 

costs about threefold and sixfold, respectively. This comparison indicated the 
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importance and necessity of miniaturization. The density of microtiter plates could be 

increased up to 3456-well plates. However, the corresponding liquid handling 

instruments and robotics are expensive and requires in-depth effort.  

Droplet-based microfluidic technology has been developed rapidly over the past 

decades and it currently offers multiple applications in scientific research. Two 

immiscible phases were used for droplets generation, including continuous phase and 

dispersed phase. In life science, droplet-based microfluidic technology is widely used 

for screening cellular responses, biomimetic microenvironments, and biomaterials 

production. Droplet-based microfluidic technology demonstrates considerable 

advantages, including reduced sample consumption, enhanced reaction speed, and 

increased reliability and reproducibility. This makes it a popular platform in HTS. 

Compared to 96-well plates, droplet microfluidic platforms reduce costs to 200-fold 

and reaction time from 2 h to 2.5 min (Courtney et al., 2017). However, there are some 

drawbacks of droplet-based microfluidics, including difficulty to add different 

compounds into droplets, challenges to culture cells inside such droplets immersed into 

oils, and difficulty to add solutions into droplets multiple times.  

A study done by Wang et al. demonstrated a multilayer pneumatic pump based 

microfluidic array for cell cytotoxicity screening with BALB/3T3, HeLa, and bovine 

endothelial cells against a panel of five toxins (digitonin, saponin, CoCl2, NiCl2, 

acrolein), which was comparable to microtiter plates (Wang et al., 2007). Chung et al. 

developed a microfluidic platform for high-throughput capture and imaging of 

thousands of single cells (Chung et al., 2011). This technique could be integrated with 

other methods such as single cell printing to extend the application of droplet-based 

microfluidic technology and single cell-based analysis. Another study showed a HTS 

of a drug library for its cytotoxicity against U937 cells based on a microfluidic 

technology-based single cell HTS platform (Brouzes et al., 2009). Except for 2D cells, 

microfluidic technology has also been developed for 3D cell culture. Lee et al. 

developed a miniaturized 3D cell-culture array by encapsulating human MCF-7 cells in 

20 nL collagen or alginate gels (Lee et al., 2008). The cells on the 3D cell culture array 

exhibited similar drug response when compared to conventional 96-well plates assay, 

indicating the feasibility of a near 2000-fold miniaturization for 3D cell cytotoxicity 

HTS. In a separate study, Park et al. utilized a 3D cytotoxicity assay using an injection 
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molded plastic array culture (CACI-IMPACT) device to assess the killing ability of 

cytotoxic lymphocytes in a 3D cultured tumor cells in a high-throughput manner (Park 

et al., 2019).  

Bioprinting is a technique by which droplets can be printed on various surfaces to 

fabricate complex arrays on the microscope glass slides. There are three main types of 

modalities of bioprinting, including laser- (Koch et al., 2010), droplet (Xu et al., 2010), 

and extrusion-based bioprinting (Ozbolat & Hospodiuk, 2016). The mild and mark-less 

patterning and small dot size (below 100 μm) makes this technology suitable for HTS 

(Suntivich et al., 2014). The other advantage of bioprinting is that it could boost rapid 

bioprinting through multiple nozzles in a highly reproducible manner (Xu et al., 2011). 

Matsusaki et al. developed human 3D ‐ tissue structures on 440 micro-arrays by 

integration of hierarchical cell manipulation and automatic inkjet printing techniques 

(Matsusaki et al., 2013). The assays of liver functions (albumin secretion, cytochrome-

P450 (CYP450) enzyme secretion and CYP450 metabolism activities) were conducted 

in a high-throughput way. Bioprinting has also been applied in cancer research. 

Demirci’s group demonstrated a high-throughput automated cell printing system to 

bioprint 3D coculture tumor tissue models (Xu et al., 2011). In this study, human 

ovarian cancer (OVCAR-5) cells and fibroblasts were printed on Matrigel via a dual-

ejector system focusing on the same point, resulting in the multicellular acini generation 

in a high-throughput and reproducible manner. This development provides a tool for 

high-throughput drug screening against 3D tumor models.  

Microarray based HTS has been widely used in drug screening, gene expression and 

protein analysis. One study created a microarray of 2,100 individual cell-based assays 

on a standard microscope glass slide format (Kwon et al., 2011). Then this microarray 

device was used to screen a small library of compounds for the apoptosis and necrosis 

inducing ability in human breast cancer MCF-7 cells. The use of hanging droplet 

method on the underside of cell culture plate lids is a typical method to generate 3D 

cellular spheroids. This method can also be used in microarrays. In a separate study, 

Beachley et al. developed 2D and 3D tissue ECM arrays for screening biological 

responses of human stem, cancer, and immune cells to tissue-specific scaffold 

microenvironments (Beachley et al., 2015). The matrix production, adhesion and 

proliferation, and morphological changes of cells after culture were investigated and 
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analyzed in a HT way. Recently, researchers developed a stretchable high-throughput 

(HT) 3D cell microarray platform by printing cell-laden gelatin methacrylate (GelMA) 

on an elastic substrate (Sakthivel et al., 2020). Then this platform was used to analyze 

cell mechano-responses in a high-throughput manner. Our lab also reported the 

generation of single-spheroid-microarrays by hanging droplet method on droplet 

microarray platform and the application in high-throughput screening of 3D cancer 

spheroids or microtumors (Popova et al., 2019). Details of the droplet microarray 

platform are discussed in section 1.4.  

1.3.3 High-throughput screening of transfection enhancers 

Many methods can be used to improve transfection efficiency, including but not 

limited to viral vector-based gene delivery, non-viral vector-based gene delivery, and 

microinjection (discussed in section 1.1.2). Several studies about high-throughput 

transfection were reported (Figure 7), including using acoustic dispensing technology 

(Colin et al., 2019), high-throughput microfluidic platform (Woodruff & Maerkl, 2016), 

and reverse transfection arrays (Erfle et al., 2007; Lehner & Fraser, 2004). However, 

some of them suffered from relative low transfection efficiency and high toxicity. An 

alternative approach to improve transfection efficiency is pharmacological priming 

(drug repurposing). Priming is a pharmacological modulation of transfection efficiency 

and transfer gene, in which the cells were treated with chemical compounds before, 

during, or after mixing with transfection mixture in order to improve some aspects of 

the transfection process. Drugs such as dexamethasone and chloroquine have been 

demonstrated to enhance non-viral gene delivery (Cheng et al., 2006; Kelly et al., 2016). 

While broad applicability of priming has not been well established, the next step is to 

search for other compounds which have priming effects. With a broad set of compounds 

need to be tested for the priming effects, a HTS method for identifying transfection 

enhancers is necessary. In one study, the NIH Clinical Collection (NCC) compounds 

library was screened to identify clinical compounds that prime polyethylenimine (PEI) 

transfection (Nguyen et al., 2016). By microscope image analysis and microplate 

measurements, the transfection efficiency changes were determined. Then the 

compounds were clustered by Tanimoto coefficients in ChemMine Tools. Among the 

compounds showing priming effects, antioxidants, GABBA receptor modulators, and 
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glucocorticoids were identified. In a separate study, a library of 31,413 small molecules 

was screened to identify compounds that increase antibody titers after transfection of a 

HEK293 cell line (Meyer et al., 2017). The determined top two small molecule hits 

showed significant increasing of antibody expression, which might be due to their 

capacity to arrest cells in cell cycle G2/M phase with a decrease in growth and nutrient 

consumption and elevated nuclear plasmid DNA copy numbers and mRNA levels. 

Another HTS of over 700 clinically approved drugs was done to determine the prime 

effects on non-viral gene delivery to adipose-derived human mesenchymal stem cells 

(Kozisek et al., 2020). A glucocorticoid, clobetasol propionate, was identified to 

increase transfer gene production 18-fold over the unprimed transfection.  
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Figure 7. Examples of HTS of transfection enhancers. (A) Schematic of a high-throughput 

microfluidic platform for mammalian cell transfection. Modified from (Woodruff & Maerkl, 2016). (B) 

A bright field image showing the layout of a siRNA array for high-throughput transfection screening. 

Modified from (Erfle et al., 2007). (C) The results of HTS of transfection and protein expression 

enhancers. Modified from (Meyer et al., 2017).  

1.3.4 HTS screening of substrates for hiPSCs 

The optimization of defined substrates for hiPSCs proliferation and self-renewal is 

of vital importance for medical applications of hiPSCs. Most attempts to understand 

the role of the substrates were based on a trial-and-error manner and not sufficient to 

address the complement of the factors that may regulate hiPSCs proliferation and self-

renewal, as well as fail to recapitulate the complexity of the uninvestigated platform. 

Back in 2009, Brafman et al. utilized an arrayed cellular microenvironments (ACMEs) 

technology to screen ECM proteins (human collagen Ⅰ, collagen Ⅲ, collagen Ⅳ, 

collagen Ⅴ, FN, and LN) and other signaling molecules (bFGF, BMP-4, retinoic acid, 

and Wnt3a) that may regulate hESCs state (Figure 8A) (Brafman et al., 2009). Among 

all the combinations, one substrate which composed of human collagen Ⅰ, collagen Ⅳ, 

fibronectin and LN was identified as the hit. The hit was further verified by the capacity 

to sustain long-term culture of three hESC cell lines in an undifferentiated state. The 

same group then applied the same technology to conduct a high-throughput screening 

of the effects of multiple extracellular components on hPSCs (Figure 8B) (Brafman et 

al., 2012). Mei and co-workers leveraged microfabrication technology to develop a 

polymer microarray platform to screen a variety of tunable properties of polymers for 

clonal growth of hPSCs (Figure 8C) (Mei et al., 2010). Materials properties including 

wettability, surface topography, surface chemistry, and indentation elastic modulus 

were investigated for determining the relationships between materials properties and 

biological performance on the high-throughput polymer arrays. From the screening, a 

polymer with high acrylate content, a moderate wettability and a VN coating was 

identified to promote colony formation of hESCs. In another study, HTS microarray 

was utilized to discover novel polymers for hPSCs culture (Figure 8D) (Celiz et al., 

2015). In the screening, 4,356 individual assays were conducted on the glass slide and 

three generations of screening were performed. The monomer N-(4-hydroxyphenyl) 

methacrylamide) (HPhMA) was found to support cell adhesion both as homopolymer 
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and as a copolymer. The hit polymer, poly(HPhMA-co-HEMA), was validated by the 

long-term culture of hPSCs and differentiation into three germ layers. This study 

provides a cost-effective HTS method for identifying substrates suitable for hPSCs 

expansion omitting undefined and xenogenic matrix. High-throughput protein and 

biomaterial array were used to explore substrates for hPSCs expansion as discussed 

above. However, these studies are either conducted with non-chemically-defined media 

or requiring precoating with proteins or serum. Therefore, Ireland et al. developed a 

matrix microarray to investigate the combinatorial effects of ECM compositions 

(fibronectin, vitronectin, LN-521, and collagen IV) and substrate stiffness with elastic 

moduli ranging from ~ 1 to 60 kPa on hPSCs culture (Ireland et al., 2020). As a result, 

three novel culture substrates were identified to support hPSCs proliferation and self-

renewal better than the current hPSCs culture substrates.  
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Figure 8. Examples of substrates for culturing hiPSCs. (A) HTS of combinations of extracellular 

matrix proteins and signaling molecules for the culture of HPSCs. Modified from (Brafman et al., 2009). 

(B) Phase contrast images of HTS arrayed cellular microenvironments for identifying culture conditions 

of HPSCs. Modified from (Brafman et al., 2012). (C) Schematic diagram of a HTS of biomaterials for 

clonal growth of HPSCs. Modified from (Mei et al., 2010). (D) An illustration of a HTS of polymer for 

HPSC attachment. Modified from (Celiz et al., 2015).  

1.3.5 Challenges of current methods of HTS 

HTS technology holds promise in analyzing thousands of samples in a single chip 

through systemic variations of different parameters. Compared to trail-to-error basis of 

testing molecules on after the other, HTS provide rapid, precise, and reproducible 

results with less reagents and biological samples. However, certain challenges remain 

in different applications of the HTS technique. The first challenge is the translatability 

of the HTS results. The HTS at the molecular level should be translated into possible 

tissue-, organ-, and organism-level before going to clinics, which is still challenging on 

current HTS platforms. Reducing the translating perturbations could help shorten this 

process. With the current technology limitations, orthogonal assays should be better 

developed to ensure the hits from a screen is more translatable. The second challenge 

is the formats differences between the library storage formats and the HTS platforms. 

The method to convert the libraries from their storge format to HTS platform in a time-

saving and labor-efficient way is still developing. For instance, the library was stored 

in 96-well plates format while the HTS platform was developed on 384-well plates or 

with other formats. It is labor-intensive to transfer these libraries from the 96-well plates 

to the HTS platform. The automated instruments could help the transfer of libraries 

from the storage platform to the HTS platform. However, the corresponding liquid 

handling instruments and robotics are expensive and requires in-depth effort. The last 

challenge is the changes of the screened materials. The properties of materials 

temporally changed once after other factors were introduced. Thus, it is of importance 

to combine HTS platforms with real-time detection techniques and analysis systems to 

better understand the dynamic interactions between screened materials and HTS targets.  
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1.4 Droplet microarray (DMA) technology 

1.4.1 Fabrication of DMA 

Droplet microarray substrates can be fabricated by bioprinting, microfluidic 

technology, soft-lithography, and surface patterning. Here I focused on the hydrophilic-

hydrophobic patterned substrates commonly used in our lab which is fabricated via 

surface modification and surface patterning. Feng et al. reported a fast and initiator-free 

approach to fabricate superhydrophilic-superhydrophobic micropatterns via sequential 

thiol‐yne click chemistry (Feng et al., 2014). The normal optical glass slide was coated 

with a 2.5 μm‐thin porous polymer layer of poly(2‐hydroxyethyl methacrylate‐co‐

ethylene dimethacrylate) (HEMA‐EDMA) for the subsequent modification (Geyer et 

al., 2011). Then the hydrophobic alkyne polymer layer could be sequentially modified 

with 1H,1H,2H,2H‐perfluorodecanethiol and cysteamine hydrochloride to introduce 

superhydrophobic and superhydrophilic surfaces with the help of a photomask, 

respectively. Based on this technique, the fabrication of droplet microarrays hold 

superhydrophilic spots separated by superhydrophobic barriers could be easily 

achieved. Through a straightforward discontinuous dewetting technique (Jackman et 

al., 1998), droplet microarrays (DMAs) with isolated pico- to microliter-sized aqueous 

droplets with defined geometry and volume could be created in one step (Ueda et al., 

2012). Immersing DMA slide into aqueous solution and pulling it out or rolling a bulk 

aqueous droplet across the DMA slide leads to spontaneously formation of droplets in 

defined geometry and size. The geometry and size of superhydrophobic spots and 

superhydrophilic barriers can be precisely controlled by a photomask (Geyer et al., 

2011), resulting in the adjustable density and volumes of droplet arrays. Arrays of 

square superhydrophilic spots with side lengths of 1,000, 500, and 350 μm with 80, 9, 

and 3 nL volumes were successfully fabricated, of which the consumption were 600, 

5,000, and 15,000 times less than that of 384-well plates, respectively (Popova et al., 

2016). Thus, DMA technology holds tremendous potential as a useful platform in 

further biological and chemical applications. 
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1.4.2 Advantages of DMA technology 

The DMA platform possesses certain advantages and is an ideal miniaturized 

platform for a broad set of assays. The advantages include: 1) Rapid array formation. 

Due to wettability of differences between superhydrophobic and superhydrophilic 

surfaces, aqueous liquid can be trapped in each individual superhydrophilic spots, 

resulting in defined array formats. Besides, the liquid could also be dispensed on DMA 

slides by non-contact dispenser. The dispenser makes the multiple times addition of 

liquid to different locations possible. 2) No cross-contamination among spots on DMA 

slides. The superhydrophilic spots on DMA are divided by superhydrophobic borders. 

Thus, no additional devices or surfactants are required, leading to a relative clean 

environment compared to droplet-based microfluidic technology. As a result, there is 

no cross-talk among spots on the DMA slides. 3) Defined location. The array format 

brings the defined localization of each spot on DMA slides, making it suitable for 

simple indexing and time-lapse measurements at the same position. 4) Getting rid of 

physical walls. Microtiter plates are conventional platforms for high-throughput 

screening and other applications with the physical wells to prevent cross-contamination 

between wells. Large numbers of samples or solutions need to be added into each well 

of microtiter plates, such as 96-, 384-, and 1536-well plates. Liquid handling 

instruments and robotics could be adjusted to add samples and solutions into these wells 

in parallel. However, it is time- and labor-intensive to pipette chemicals or other 

substances into open wells due to the high costs and complexity of the instrumental 

setup. Liquid handling robotics are designed to solve this problem while introduce new 

problems such as high costs and complicated setups. Absence of physical wells makes 

DMA extremely easier and more rapid to change the components in spots on DMA 

slides with a rolling droplet method and with a liquid dispenser. 5) Adjustability. The 

density of arrays and the sizes of each individual spot can be adjusted by using various 

photomasks according to the purpose of the experiments, leading to wide applications 

of DMA to diverse objects. 6) Less manipulation. Compared to conventional microtiter 

plates (96-, 384-, and 1536-well plates), less steps are required for handling liquid into 

each individual spot on DMA than handling liquid into each well of the well plates due 

to the absence of physical wells. For instance, adding liquid into each well of a 384-

well plate needs 384 times pipetting. While adding liquid into 384 spots on DMA slides 

just needs one pipetting of a bulk droplet, which is much more time- and labor-effective. 
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Besides, a parallel liquid dispensing using a liquid dispenser takes 40 seconds to 

dispense liquid into 672 spots on DMA slides. 7) High-throughput. The high density of 

arrays makes the DMA as a high-throughput even ultrahigh-throughput platform. 

Arrays of square superhydrophilic spots with side lengths of 1,000, 500, and 350 μm 

result in 588, 2178, and 4563 spots on a normal optical glass slide, respectively. The 

lower limit of patterning with a photomask is 20 μm, which means the higher density 

of arrays can be fabricated on DMA if necessary. 8) Miniaturization. The more spots 

are on the DMA slides, the smaller or more miniaturized are the DMAs. 9) Low cost. 

The lower volumes indicate the less consumption of cells, reagents and other 

consumables related to the experiments. As an example, a high-throughput screening 

of 774 FDA-approved drugs on DMA leads to around 2500-fold costs saving compared 

to experiments conducted in 384‐well plates. 10) Controllable neighboring spots 

merging. Since there are no physical walls on DMA, the neighboring spots can be 

merged by controlling the liquid volumes adding into the spots. 11) Wide compatibility. 

On the one hand, as a high-throughput screening platform, DMA has a wide 

compatibility with biological samples (cells, 3D spheroids, and zebra fish embryos), 

chemical samples (solvents, chemical compounds), and material samples (hydrogel, 

organols). On the other hand, the wide compatibility of DMA indicates the feasibility 

of DMA to broader applications in biology, chemistry, medical science, and material 

science. 12) Combination with other technologies. To precisely index one position and 

do a high-throughput screening on DMA, supplementary instruments or technologies 

are required. For example, high-throughput screening microscope is well established 

for the DMA format with easy setups. Another example is high-throughput printer. 

With the printer, the samples can be added on DMA by printing instead of pipetting, 

making the whole process on DMA pipetting-free and semi-automated.  

1.4.3 Applications of DMA platform 

Due to the advantages of DMAs, wide applications have been performed in biology, 

chemistry, and material science (Figure 9). Neto et al. developed a method for rapid 

fabrication of alginate hydrogel particles with defined sizes and shapes. Cells can be 

encapsulated into hydrogel particles with almost no toxicity. Based on this technology, 

magnetic hydrogel particles can be constructed for modular tissue engineering and 
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shape-coded hydrogel of distinct cell types (Neto et al., 2016). Ueda et al. utilized DMA 

as a high-throughput screening platform to optimize reverse transfection parameters 

that affect transfection efficiency and cytotoxicity, indicating the feasibility of DNA as 

cell microarrays for optimizing reverse transfection conditions before performing 

further cell screenings (Ueda et al., 2016). This study clearly demonstrates the potential 

of the DMA platform for miniaturization of biochemical and cellular HTS. By adjusting 

the cell density and seeding time, single cell array could also be obtained based on 

DMA (Jogia et al., 2016). Around 100% cell viability of single cells and comparable 

single cell doubling time with that of cells in conventional culture can be observed, 

indicating DMA as a suitable platform for further single cell analysis. Tronser et al. 

used DMA to investigate the development, differentiation, and maintenance of 

stemness of mouse embryonic stem cells (Tronser et al., 2017). Except for 2D cell 

culture, DMA is applied in 3D cell structure field. Tronser et al. reported rapid and 

facile one step embryoid body formation on DMA slides by a hanging droplet method. 

A dense array of homogenous and single embryoid bodies can be obtained and further 

utilized to screen 774-FDA approved compounds (Tronser et al., 2018). In a separate 

study, Popova et al. established a miniaturized single-spheroid-microarray of 3D 

spheroids based on DMAs through a hanging droplet method and displayed a 

methodology for 3D cancer spheroids or microtumor screening (Popova et al., 2019). 

On the basis of this achievement, Cui et al. precisely controlled the assembly of multi-

spheroids by programmable droplet merging on DMA slides (Cui et al., 2021). This 

study provides a method for miniaturized and high-throughput construction of complex 

3D multicellular structures on DMA and can be further applied in various biological 

process. Furthermore, single zebra fish embryos array was developed on DMA and 

further applied for fluorescently labeled peptoids screening and toxicity screening via 

a sandwiching method (Popova et al., 2018). In addition to the applications in cell 

biology, DMA platform has also been used in microbiology. Lei et al. developed a rapid 

method to generate bacteria droplets arrays and used them for antibacterial screening 

(Lei et al., 2020a). A novel simple colorimetric readout method was established, 

indicating the great potential of rapid bacteria array formation and high-throughput drug 

screening on DMA. In 2007, Bruchmann et al. established homogeneous biofilm 

microcluster arrays with 2D geometries on DMA (Bruchmann et al., 2017). The method 

is based on hydrophilic spots with geometries separated by “slippery” lubricant-infused 
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porous surface (SLIPS). Critical parameters influencing minimal adhesive regions for 

biofilm attachment and minimal SLIPS dimensions to avoid biofilm formation were 

studied. Lei et al. further investigated interconnected networks of bacteria on SLIPS 

based on DMA (Lei et al., 2019). The study showed the network was formed by a 

“biofilm bridges” mechanism. In the following work, the precise control of geometry 

and flow through bacterial bridges were investigated in details (Lei et al., 2020b). A 

study given by Oudeng et al. further extended the application of DMA to simultaneous 

detection of multiple HIV retroviral nucleic acids (Oudeng et al., 2020). In this study, 

a Förster resonance energy transfer (FRET) sensing microarray was developed by 

modifying fluorescent dye-labeled oligomer probes MoS2 nanosheets on DMA. The 

limit of detection is 50 pM.  

Apart from the application in biology, DMA platform has also been investigated in 

chemistry and materials science. Rosenfeld et al. developed a solid-phase combinatorial 

synthesis method on DMAs and created an exemplary chemical library by this method 

(Rosenfeld et al., 2019). Cell screening was done after the small molecules were 

released on DMA via UV irradiation. The same author subsequently reported the 

miniaturized high-throughput synthesis and screening of responsive hydrogels on DMA 

(Rosenfeld et al., 2020). Unique hydrogels were constructed in nanoliter-sized droplets 

on DMA which allows encapsulation of cells and varies in hydrogel height and width. 

Another solid-phase synthesis study on DMA was given by Brehm et al., in which a 

588-compound library of bisamides was established via a four-component Ugi-reaction 

(Brehm et al., 2020). Interestingly, Benz et al. married chemistry with biology by 

combining on-chip solution based combinatorial synthesis and cellular screening (Benz 

et al., 2019). In this study, a “chemBIOS” platform was developed and used for 75 

parallel, three-component reactions to synthesize a library of lipidoids. The lipidoids 

were further applied in on-chip cell screening. The “chemBIOS” platform was further 

optimized for on-chip characterization and in-situ reaction monitoring in the ultraviolet, 

visible (on-chip UV-Vis spectroscopy and optical microscopy) and infrared (on-chip 

IR spectroscopy) regions, indicating the new avenues in high-throughput synthesis and 

drug discovery (Benz et al., 2020). Although significant progress has been done on 

DMA platform, further applications in other directions are still of interest and 

importance, such as HTSs of nano coatings for diverse chemical and biological 
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applications, organ-on-a-chip screening on DMAs, and other popular research fields in 

life science.  

 

Figure 9. Applications of DMA. The DMA platform has been used for (A) magnetic hydrogel particles 

(modified from (Neto et al., 2016)),  (B) reverse transfection optimization (modified from (Ueda et al., 

2016)), (C) single cell analysis (modified from (Jogia et al., 2016)), (D) feeder-free mouse embryonic 

stem cell culture and screening (modified from (Tronser et al., 2017)), (E) 3D tumor spheroids formation 

and screening (modified from (Popova et al., 2019)), (F) controlled multi-spheroids assembly (modified 

from (Cui et al., 2021)), (G) fish embryos toxicity screening (modified from (Popova et al., 2018)), (H) 

biofilm bridges based network forming (modified from (Lei et al., 2019)), (I) multiple HIV retroviral 
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nucleic acids detection (modified from (Oudeng et al., 2020)), (J) miniaturized high-throughput synthesis 

and screening of responsive hydrogels (modified from (Rosenfeld et al., 2020)) and (K) combined high-

throughput and high-content platform for unified on-chip synthesis, characterization and biological 

screening (modified from (Benz et al., 2020)).  

1.5 Objective 

Large numbers of small molecule compounds or proteins have to be often screened 

with live cells in order to investigate their influence on therapeutically relevant cell 

types or, for example, to investigate the effect on cell transfection (so called, 

pharmacological transfection priming). However, the current in vitro high-throughput 

or ultra high-throughput screening methods are usually hindered by the prohibitively 

high costs associated with large volumes of reagents, tedious work flows and man-

power required for the screenings using microtiter plates (usually 96- and 384-well 

plates) (Becker et al., 2018). These problems limit the number of screenings performed 

and lead to the speed reduction of discovery of novel biologically active entities. These 

problems urgently require novel high-throughput screening platforms that can not only 

enable high-throughput screening of small molecules, but also be accessible for the 

screening of proteins or other biomolecules. Therefore, a miniaturized and 

biocompatible high-throughput screening droplet microarray platform has been 

investigated. Thus, this dissertation was focused on utilizing miniaturized droplet 

microarray platform to answer several fundamentally and practically important 

biological questions.  

The first objective of this Ph.D. work was to investigate the influence of 774 Food 

and Drug Administration approved drugs on transfection efficiency using the droplet 

microarray platform. To screen candidates for cells with different characteristics CHO-

K1 and Jurkat cells were used due to their difficult to transfect property and HEK293T 

cells were used because of their propensity for transfection. To analyze and characterize 

the potential transfection enhancer candidates, the drug compounds which could 

potentially enhance transfection efficiency and/or increase the numbers of green 

fluorescent protein expressing cells were identified. The next objective was to validate 

the potential transfection enhancer candidates in larger scale (384- and 96-well plates).  
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Since droplet microarray platform is a novel miniaturized screening platform, the 

effect of the droplet microarray platform on the culture of human induced pluripotent 

stem cells (hiPSCs) needs to be firstly evaluated. Therefore, the second objective of this 

Ph.D. work was to investigate the influence of surface properties and small cell culture 

volumes on the cell behavior of hiPSCs. To characterize the surface properties, water 

contact angle goniometry, energy-dispersive X-ray spectroscopy, scanning electron 

microscopy, atomic force microscopy, and X-ray photoelectron spectroscope 

measurements were conducted. To investigate the influence of small volumes, the cell 

morphology, viability, and pluripotency of hiPCS cultured on a large area (2.5 cm × 7.5 

cm) covered with 2 mL of culture media and in confined 200-nL droplets on droplet 

microarray platform without Matrigel coating were compared.  

The third objective of this Ph.D. work was to utilize droplet microarray platform to 

assess the ability of proteins to maintain undifferentiated in vitro culture of hiPSCs. To 

establish the protein screening protocol, the cell printing parameters, cell viability, and 

pluripotency were investigated. To determine the quality of screening, a screening 

window coefficient, Z-factor, was employed. To identify hits, the primary screening 

was employed on the basis of ability to maintain pluripotency compared to Matrigel. 

The next objective was to validate the proteins identified in the primary screening. The 

developed approach could be further expanded to investigate more complicate 

interactions of cells with their ambient environment.  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Table 3. List of involved chemicals 

Name Company Catalog number 

1H, 1H, 2H, 2H- 
perfluorodecanethiol 

Sigma-Aldrich (Munich, 
Germany) 

660493-25G 

2-mercaptoethanol Alfa Aesar (Massachusetts, 
USA) 

A15890.30 

Dimethyl sulfoxide 
(DMSO) 

Carl Roth (Karlsruhe, 
Germany) 

A994.1 

Triton X-100 Alfa Aesar (Massachusetts, 
USA)  

A16046.AE 

Shandon™ Immu-Mount™ Thermo Fisher Scientific 
(Massachusetts, USA) 

9990402 

ScreenFect®A transfection 
reagent 

Screenfect GmbH 
(Eggenstein-Leopoldshafen, 
Germany) 

S-3001 

SCREEN-WELL® FDA 
Approved Drug Library V2 

Enzo Life Sciences Inc. (New 
York, USA) 

BML-2843 Version 
1.2 

Paraformaldehyde (PFA) Carl Roth (Karlsruhe, 
Germany) 

0335.1 

2.1.2 Media, buffers, and solutions 

Table 4. List of used media, buffers, and solutions 

Name Company Catalog number 

Doxycycline Sigma-Aldrich (Munich, Germany) D9891 
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DMEM Gibco Life Technologies GmbH 
(Darmstadt Germany) 

11965092 

DMEM/F12 (1:1) 
medium 

PAN-Biotech GmbH (Aidenbach, 
Germany) 

P04-41450 

FBS Gibco Life Technologies GmbH 
(Darmstadt Germany) 

10270106 

Ham’s F12 Biowest (Nuaillé, France) L0136 

Matrigel® Matrix (hESC-
qualified) 

Corning (New York, USA) 354277 

mTeSR™ Plus STEMCELL Technologies 
(Vancouver, Canada) 

#05825 

Normocin™ InvivoGen (California, USA) ant-nr-1 

PBS with 
Calcium/Magnesium 

Thermo Fisher Scientific 
(Massachusetts, USA) 

10010023 

PBS without 
Calcium/Magnesium 

Thermo Fisher Scientific 
(Massachusetts, USA) 

14040117 

Penicillin/Streptomycin 
(Pen/Strep) 

Gibco Life Technologies GmbH 
(Darmstadt Germany) 

15140122 

ReLeSR™ STEMCELL Technologies 
(Vancouver, Canada) 

# 05872 

RPMI-1640 Gibco Life Technologies GmbH 
(Darmstadt Germany) 

21875034 

Trypsin-EDTA, 0.25% Thermo Fisher Scientific 
(Massachusetts, USA) 

25200056 

Y-27632 STEMCELL Technologies 
(Vancouver, Canada) 

# 72302 

2.1.3 Cell stains and antibodies 

Table 5. List of cell stains and antibodies 

Name Company Catalog number 
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4',6-diamidino-2-
phenylindole (DAPI) 

Thermo Fisher Scientific Inc. 
(Massachusetts, USA) 

D3571 

Anti-β-Tubulin III Rabbit 
antibody 

Sigma-Aldrich (Munich, 
Germany) 

T2200 

Anti-Brachyury Goat 
antibody 

R&D Systems (Minneapolis, 
USA)  

AF2085 

Anti-E Cadherin Rabbit 
antibody 

Abcam (Cambridge, UK) ab15148 

Anti-HNF-3β (FoxA2) goat 
antibody 

R&D Systems (Minneapolis, 
USA)  

AF2400 

Anti-Nanog Rabbit mAb Cell Signaling Technology 
(Massachusetts, USA) 

4903 

Anti-Oct-4A Rabbit mAb Cell Signaling Technology 
(Massachusetts, USA) 

2840 

Anti-SSEA4 Mouse mAb Cell Signaling Technology 
(Massachusetts, USA) 

4755 

Anti-Sox2 Rabbit mAb Cell Signaling Technology 
(Massachusetts, USA) 

5049 

Anti-TRA-1-60(S) Mouse 
mAb 

Cell Signaling Technology 
(Massachusetts, USA) 

4746 

Anti-TRA-1-81 Mouse 
mAb 

Cell Signaling Technology 
(Massachusetts, USA) 

4745 

Calcein AM Invitrogen (California, USA) C3099 

Goat Anti-Rabbit IgG H&L 
(Alexa Fluor® 488) 

Abcam (Cambridge, UK) ab150077 

Goat Anti-Mouse IgG H&L 
(Alexa Fluor® 594) 

Abcam (Cambridge, UK) ab150116 

Hoechst 33342 Thermo Fisher Scientific Inc. 
(Massachusetts, USA) 

H3570 

Phalloidin–Atto 565 Sigma-Aldrich (Munich, 
Germany) 

94072 

Propidium iodide (PI) Invitrogen (California, USA) P1304MP 



2 Materials and Methods 

46 

 

Rabbit Anti-Goat IgG H&L 
(Alexa Fluor® 488) 

Abcam (Cambridge, UK) ab150141 

 

2.1.4 Cells 

Table 6. List of involved cells 

Name Description Source Media 

CHO-K1 Chinese hamster 
ovary (CHO) cells 

Screenfect 
GmbH 
(Eggenstein-
Leopoldshafen, 
Germany) 

Ham’s F12 + 10% FBS 

Jurkat Human T-cell 
lymphocyte cells 

ATCC 
(Massachusetts, 
USA) 

 

RPMI-1640 + 10% heat 
inactivated FBS + 1% 
Pen/Strep 

HEK293T Human embryonic 
kidney 293T cells 

Screenfect 
GmbH 
(Eggenstein-
Leopoldshafen, 
Germany)  

DMEM + 10% FBS + 1% 
Pen/Strep 

hiPSCs Human induced 
pluripotent stem 
cells 

Prof. Dr. Martin 
Bastmeyer, KIT 

mTeSR™ Plus complete 
medium 

2.1.5 Apparatus 

Table 7. List of used apparatus 

Name Company 

Atomic force microscope Bruker (Billerica, USA) 

CO2 incubator CB260 Binder GmbH (Tuttlingen, 
Germany) 

Drop shape analyzer DSA25E Krüss GmbH (Hamburg, Germany) 
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ENVAIR ECO Air ENVAIR Deutschland GmbH 
(Emmendingen, Germany) 

Heraeus BB15 CO2 Incubator Thermo Fisher Scientific 
(Massachusetts, USA) 

Heraeus Labofuge 400R Centrifuge Thermo Fisher Scientific 
(Massachusetts, USA) 

I-DOT One Noncontact dispenser Dispendix GmbH (Stuttgart, 
Germany) 

Keyence fluorescence microscope BZ-X810 Keyence (Osaka, Japan) 

Keyence fluorescence microscope BZ-9000 Keyence (Osaka, Japan) 

Leica TCS SPE confocal laser scanning 
microscope 

Leica Microsystems CMS GmbH 
(Mannheim, Germany) 

MiniSpin Plus  Eppendorf AG (Hamburg, Germany)  

Nanodrop 2000 Thermo Fisher Scientific 
(Massachusetts, USA) 

Olympus IX81 inverted motorized 
microscope 

Olympus (Tokyo, Japan) 

Scanning electron microscope Leica (Hillsboro, USA) 

sciFLEXARRAYER S11 dispenser Scienion AG (Berlin, Germany) 

StepOnePlus Real-Time PCR System Thermo Fisher Scientific 
(Massachusetts, USA) 

X-ray photoelectron spectroscopy Shimadzu (Kyoto, Japan) 

Zeiss LSM 800 confocal laser scanning 
microscope 

Carl Zeiss AG (Oberkochen, 
Germany) 

2.1.6 Kits and primers 

Table 8. List of kits and primers 

Name  Company Catalog 
number 
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1 kb DNA Ladder New England Biolabs 
(Massachusetts, USA) 

N3232S 

GoTaq® qPCR Master Mix Promega (Wisconsin, USA) A6001 

Plasmid Maxi kits QIAGEN (Hilden, Germany) 12162 

Primers Integrated DNA Technologies GmbH 
(Munich, Germany) 

— 

RNeasy® Mini Kit (50) QIAGEN (Hilden, Germany) 74104 

SuperScript Ⅳ First-Strand 
Synthesis System for RT-
PCR 

Invitrogen (California, USA) 18080051 

SYBR Safe DNA Gel Stain Invitrogen (California, USA) S33102 

Taq PCR Master Mix Kit QIAGEN (Hilden, Germany) 201443 

2.1.7 Consumables 

Table 9. List of consumables 

Name  Company Catalog number 

Corning® Thermowell 
GOLD PCR tubes 

Corning (New York, USA) 3475 

DMA slides Aquarray (Eggenstein-
Leopoldshafen, Germany) 

G-np-Custom-
0001, G-np-
Custom-0002, 
G-np-602, G-
np-102 

CELLSTAR® Cell culture 
dishes 

Greiner Bio-One International 
GmbH (Kremsmünster, 
Österreich) 

664160 

CELLSTAR® Cell culture 
flasks 

Greiner Bio-One International 
GmbH (Kremsmünster, 
Österreich) 

690160, 
658170 

CELLSTAR® Cell culture 
plates 

Greiner Bio-One International 
GmbH (Kremsmünster, 
Österreich) 

650160, 
665180, 
657160 
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CisNovo serological pipets CisNovo (New York, USA) P8050, P8100, 
P8250 

Eppendorf Conical Tubes® Eppendorf AG (Hamburg, 
Germany) 

0030125.150, 
0030123.344 

FrameStar® 96 Well Semi-
Skirted PCR Plate, ABI® 
Style 

4titude (Surrey, UK) 4ti-0910/C 

Nexterion® Coverslip Glass 
D 

SCHOTT Nexterion AG (Jena, 
Germany) 

1472315 

Nunc™ Rectangular Dishes 
(4 wells) 

Thermo Fisher Scientific 
(Massachusetts, USA) 

267071 

qPCR Seal 4titude (Surrey, UK) 4ti-0560 

VWR® Tissue culture 
plates 

VWR (Pennsylvania, USA) 10814-226 

2.1.8 Proteins 

Table 10. List of proteins 

Name Company Catalog number 

Basigin Sino Biological Europe GmbH 

(Eschborn, Germany) 

10186-H08H 

Coxsackie and 
adenovirus receptor 
(CAR) 

Sino Biological Europe GmbH 

(Eschborn, Germany) 

10799-H08H 

Dystroglycan 
(DAG1) 

Sino Biological Europe GmbH 

(Eschborn, Germany) 

14421-H08H 

E-cadherin Sino Biological Europe GmbH 

(Eschborn, Germany) 

10204-H08H 

Epithelial cell 
adhesion molecule 
(EpCAM) 

Sino Biological Europe GmbH 

(Eschborn, Germany) 

10694-H08H 

Ephrin type-A 
receptor 1 (EphA1) 

Sino Biological Europe GmbH 15789-H08H 
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(Eschborn, Germany) 

Ephrin type-B 
receptor 4 (EphB4) 

Sino Biological Europe GmbH 

(Eschborn, Germany) 

10235-H08H 

Hyaluronic acid (HA) Abcam (Cambridge, UK) ab143634 

Junctional adhesion 
molecule A (JAM-1) 

Sino Biological Europe GmbH 

(Eschborn, Germany) 

10198-H08H 

Laminin 521 STEMCELL Technologies 
(Vancouver, Canada) 

#77003 

Thy-1 Sino Biological Europe GmbH 

(Eschborn, Germany) 

16897-H08H 

2.1.9 Primers for qPCR 

Table 11. List of primers for amplification in qPCR 

Gene Forward primer sequence (from 5’ 
to 3’) 

Reverse primer sequence (from 5’ 
to 3’) 

GAPDH CTCTGCTCCTCCTGTTCGAC ACGACCAAATCCGTTGACTC 

Nanog GTCTCGTATTTGCTGCATCGT
A 

AGCTAATTTCCTTCTCCACCC
C 

Oct4 CAAAACCCGGAGGAGTCCC AAAGCGGCAGATGGTCGTTT 

SOX2 GACAGTTACGCGCACATGAA TAGGTCTGCGAGCTGGTCAT 

2.2 Cell culture  

Unless otherwise stated, all the cell culture and experiments were conducted under 

standard condition in a 5% CO2 and 37 °C atmosphere. Mycoplasma negative cells 

were used for the experiments. The involved media, cells, and consumables were listed 

in Table 2, 4, and 7.  
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2.2.1 Routine culture of CHO-K1, HEK293T, and Jurkat cells 

CHO-K1 cells were routinely grown in Ham’s F12 medium supplemented with 10% 

FBS at 37 °C in 5% CO2. Jurkat human T-cell lymphocyte cells were maintained in 

RPMI-1640 cell culture medium supplemented with 10% heat inactivated FBS and 1% 

Pen/Strep at 37 °C in a 5% CO2 incubator. HEK293T cells were grown in DMEM 

medium supplemented with 10% FBS and 1% Pen/Strep. For passaging adherent CHO-

K1 and HEK-293T cells, cells were firstly washed with 37 °C water bath pre-warmed 

PBS. Then PBS was removed and cells were incubated with 0.25% trypsin-EDTA at 

37 °C for 1 min. Afterwards, the cells were resuspended in fresh medium and 

centrifuged at 1200 rpm for 3 min.  Cells were passaged as 1:3 ratio for routine culture. 

For Jurkat cell passaging, cells were collected and centrifuged prior to resuspended into 

fresh medium and split as 1:3 ratio. 

2.2.2 Conventional routine culture of hiPSCs  

The tissue culture six-well plates were coated with 1 mL/well 1% (v/v) Matrigel in 

DMEM/F12 medium at RT for 1 h. Then the DMEM/F12 was aspirated and freshly 

prepared mTeSR plus medium supplemented with 1 μg/mL doxycycline and 50 μg/mL 

Normocin was added. Undifferentiated hiPSCs were maintained on tissue culture 

treated six well plates coated with Matrigel. The hiPSCs were passaged every 4 – 5 

days through transferring mechanically dissociated clusters into fresh Matrigel coated 

six-well plates using a sterile Pasteur pipette. Cells were mechanically cleaned daily 

and the prewarmed mTeSR plus medium was changed daily.  

2.2.3 The cultivation of cells on DMAs 

The DMA glass slides were sterilized by immersing into 70% ethanol for 30 min 

and being air-dried on the clean bench before using. For HEK293T and CHO-K1 cells 

printing, cells were trypsinized and resuspended in complete medium till determined 

concentrations. As for Jurkat cells printing, cells were resuspended in fresh medium 

and diluted to determined concentrations. The volume of 100 nL of cell suspension was 

printed by I-DOT One Noncontact dispenser onto 1 mm DMA spots. Cells were further 
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grown at 37 °C in a 5% CO2 incubator. The experiments were repeated three times to 

decrease experimental error. 

For cultivation of hiPSCs on DMAs, the sterile 1 mm DMAs were precoated with 

60 nL 1% (v/v) Matrigel in mTeSR plus medium per spot at RT for 1 h. Usually around 

20 colonies per well of hiPSCs in a six-well plate were used for small clusters 

dissociation and further printed on DMAs. HiPSCs were dissociated by the detaching 

reagent ReLeSR according to the manufacturer’s instructions. Briefly, the cells were 

washed with prewarmed DMEM/F12 medium three times prior to incubating with 

ReLeSR for 5-8 min and resuspending cells in fresh complete mTeSR plus medium. 

Then cells were printed onto each spot of DMAs with I-DOT One Noncontact dispenser. 

The hiPSCs on DMAs were incubated at 37 °C, 5% CO2 atmosphere. The experiments 

were repeated three times to decrease experimental error. 

2.3 Small molecules library screening 

2.3.1 Small molecules library 

The SCREEN-WELL® FDA-approved drug library V2, containing 774 small 

molecule drugs, was provided as 10 mM stock solutions in DMSO and arrayed in a 

total eleven 96‐well plates, leaving the first and last columns in each plate for controls. 

Each drug solution in these microplates was diluted with sterile Milli-Q water to 

produce 10 and 100 μM prediluted plates. The prediluted drug plates were sealed and 

stored at –80 °C. 

2.3.2 GFP plasmid DNA preparation 

To easily visualize the results of gene transfection, a plasmid encoding for green 

fluorescent protein (pGFP) was used as a reporter gene. Highly purified covalently 

closed circular plasmid DNA was obtained by plasmid purification maxi kits from 

Qiagen according to the instructions from manufacturer. Briefly, bacteria were 

centrifuged at 4°C for 15 min with the speed of 6000 × g. Then the bacteria were 

resuspended in 10 mL buffer P1 prior to adding 10 mL buffer P2 and incubating 5 min 
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at RT. Buffer P3 was then added and the bacteria were incubated on ice for 20 min. 

Centrifuging the bacteria at 4°C for 30 min with the speed of 20,000 × g. The Qiagen-

tip was equilibrated with buffer QBT followed by supernatant from centrifugation was 

added into the column and entered the resin by gravity. The Qiagen-tip was further 

washed with buffer QC. The DNA were then eluted with buffer QF and precipitated by 

adding isopropanol. Centrifugation was applied at 4°C for 30 min with the speed of 

20,000 × g. The DNA pellet was then washed at RT with 70% ethanol and dried. Then 

the air-dried pellet was dissolved in TE buffer. The final concentration of DNA was 

0.5–2.0 µg/µL and the A260/A280 value was above 1.8. Prepared plasmid DNA was stored 

at −20 °C for further using. 

2.3.3 Printing 

The small molecule drugs in the library were preprinted onto individual spot on 

DMAs with three volumes using a sciFLEXARRAYER S11. The evaporation of drug 

droplets was fast since the tiny volumes (2 nL of 10 μM drug dilution for 1 μM group, 

20 nL of 10 μM drug dilution for 10 μM group, and 6 nL of 100 μM drug dilution for 

30 μM group). Due to the different volumes printed on DMAs, to keep all the condition 

the same, the drugs were dried in a desiccator under 50 mbar vacuum overnight. The 

cells with and without transfection reagents were then printed onto DMA by I-DOT 

One Noncontact dispenser. The dispenser is equipped with a powerful humidifier and 

a hygrometer. Once the humidity reached 70% at 25 °C, it started printing cells. When 

the printing was done, the printed DMAs were placed into a 10 cm diameter petri dish 

with 3 mL PBS and a wet humidifying pads in the upper lid to prevent evaporation 

during the following 24 h incubation in the 37 °C incubator. 

2.3.4 Cell viability staining 

The CHO-K1, Jurkat, and HEK293T cells were cultured on DMA as described 

above for 24 h. Live/dead staining and microscopic imaging were performed to evaluate 

cell viability. The Hoechst 33342 (working concentration: 10 μg/mL) and propidium 

iodide (PI, working concentration: 0.67 μg/mL) were used to visualize cell nuclei and 

dead cells, respectively. Hoechst 33342 could bind DNA of all cells, so it was used to 
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stain all the cells. PI cannot pass through intact cell membranes but readily passes 

through damaged membranes and binds with DNA, which indicates dead cells in red 

fluorescence (Chen et al., 2011b). The Hoechst 33342 and PI positive cell numbers 

were analyzed by Image J (https://imagej.nih.gov/ij/). Cell viability was calculated as 

the following equation: cell viability (%) = 1 – (PI‐positive cell numbers/Hoechst 

positive cell numbers) × 100.   

2.3.5 In vitro transfection screening 

A one-step transfection method was applied for in vitro transfection in this part. The 

FDA-approved drugs were firstly printed or seeded on DMAs or in well plates prior to 

being vacuum dried overnight. Then, 20 μL transfection mixture was prepared as 

showed in Table 12 for different platforms (500 μm DMAs, 1 mm DMAs, and 384-

well plates) and incubated at RT for 20 min to allow the transfection complex formation. 

The transfection mixture was next mixed with fresh cell suspension and printed or 

added on DMAs or in well plates followed by 24 h incubation in a standard cell culture 

incubator. Then cells were stained by Hoechst 33342 and PI, and cell viability was also 

calculated as described previously. The transfection efficiency was calculated as the 

following equation: transfection efficiency (%) = (GFP positive cell numbers/Hoechst 

33342 positive cell numbers) × 100.  

Table 12. In vitro transfection parameters on 500 μm DMA, 1 mm DMA, and in 384-well plates 

 ScreenFect®A in 

10 μL 

ScreenFect 

dilution buffer 

(μL) 

GFP plasmid DNA 

in 10 μL 

ScreenFect dilution 

buffer (ng) 

Cell/mL 
Volume per 

spot/well 

500 μm 

DMA 

0.3 300 2  106 20 nL 

1 mm DMA 0.15 150 1.25  106 100 nL 

https://imagej.nih.gov/ij/
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384-well 

plate 

0.0017 17 7.13  104 20 μL 

2.3.6 Screening workflow 

For the primary screening, the 774 FDA-approved small molecule drugs were 

obtained in 10 mM stock solution of DMSO and diluted with sterile water to produce 

10 and 100 μM plates. Then, the drugs were printed on sterile DMA patterned with 

2187 square spots and 500 μm side length (section 2.3.3). Then the printed DMAs were 

vacuum dried in a desiccator overnight. The positive control (drug-free) was set as GFP 

plasmid DNA transfection efficiency without any drug but in the presence of equivalent 

DMSO. The negative controls were set as blank cells, cells with transfection reagent 

but without GFP plasmid DNA, and cells with GFP plasmid DNA but without 

transfection reagent. The fourteen hits from primary screening was selected and further 

validated on 1 mm side length DMAs and 384-well plates.  

2.4 Proteins screening 

2.4.1 DMA surface characterization 

2.4.1.1 Water contact angle (WCA) 

The WCAs of surfaces were characterized using Drop Shape Analyzer DSA 25 

goniometer (Krüss) under ambient conditions (25 °C). A water droplet of 8 μL was 

deposited on the substrate and the water contact angle was measured within five 

seconds. The measurements were repeated for three times and the standard derivation 

is less than 2º.  
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2.4.1.2 Scanning electron microscope (SEM) and Energy-dispersive X-ray 

spectroscopy (EDX) 

The morphology and elemental analysis of surfaces were determined by SEM and 

EDX. Specimen were analyzed with a LEO 1530 scanning electron microscope from 

Leica (Hillsboro, USA) with an accelerating voltage of 5-10 kV. For SEM analysis the 

specimens were sputtered with an ~ 5 nm thin layer of gold. For EDX a NORAN 

System SIX from Thermo Scientific (Waltham, USA) was used. 

2.4.1.3 Atomic force microscope (AFM) 

The roughness of surfaces was investigated by AFM using a Dimension Icon with 

ScanAsyst from Bruker (Billerica, USA). Cantilevers with a resonance frequency of 

325 kHz from Olympus (Shinjuku, Japan) were used. The amplitude setpoint, the 

proportional gain and the integral gain were adjusted for an optimal overlap of the trace 

and retrace profile. The scan rate was held constant at 1 Hz. Data analysis was 

performed with the software Gwyddion V. 2.56 (GPL). The scanned surface 

dimensions were 10 × 10 µm and three different spots were examined for each surface. 

The Ra values were calculated over the entire surface areas. Values are given as an 

average with standard deviation (n=3). 

2.4.1.3 X-ray photoelectron spectroscopy (XPS)  

The chemical composition (C1s, Si2p, O1s, F1s, and S2p) of two surfaces was 

measured by XPS. XPS spectra were recorded on an Axis Ultra DLD from Shimadzu 

(Kyoto, Japan) utilizing monochromatized Al Kα radiation. The survey scan and the 

high-resolution scans were operated at an analyzer pass energy of 160.0 eV and 40.0 

eV, respectively. The binding energy (BE) scale was referenced by setting the peak 

maximum in the C1s spectrum to 284.6 eV.  

2.4.2 Cell viability staining 

The cell viability of hiPSCs were assessed by a live/dead staining. Calcein AM is a 

fluorogenic esterase substrate that is hydrolyzed to a green-fluorescent product 
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(Calcein). Thus, green fluorescence is an indicator of cells with intact membrane to 

retain esterase products, which visualizes live cells in green fluorescence (Alisson-Silva 

et al., 2014). PI cannot pass through intact cell membranes but readily passes through 

damaged membranes and binds with DNA, which indicates dead cells in red 

fluorescence. The final concentration of 0.5 μg/mL were used for both Calcein AM and 

PI. Fluorescent images were taken by Keyence BZ ‐ 9000 and Olympus IX81 

microscope. The area of Calcein AM and PI positive were analyzed by Image J 

(https://imagej.nih.gov/ij/). The cell viability was calculated as Calcein AM positive 

area to the sum of Calcein AM and PI positive area.  

2.4.3 Immunofluorescence staining 

The hiPSCs cultured on different surfaces and DMAs were fixed in situ with 3.7% 

(v/v) PFA for 15 min at RT and further permeabilized for another 15 min with 0.1% 

(v/v) Trinton X-100 in PBS (-/-). Then the cells were incubated with 1% (v/v) BSA at 

37 ºC for 1 h to block non-specific binding. The primary antibodies rabbit anti-Oct-4A 

(1:200), rabbit anti-Sox2 (1:200), rabbit anti-Nanog (1:200), mouse anti-SSEA4 

(1:200), mouse anti-TRA-1-60(S) (1:200), mouse anti-TRA-A-81 (1:200), rabbit anti-

E-cadherin (1: 400), anti-Brachyury (1:200), anti-FOXA2/HNF-3β (1:200), and anti-β-

Tubulin3 (1:300) were used for staining at 4 ºC overnight. Secondary antibodies goat 

anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 594, and rabbit anti-goat 

Alexa Flour 488 were diluted 1:500 and incubated 2 h at 37 °C before 1.43 μM DAPI 

was used to counterstain cell nuclei for 15 min at 37 °C. All the staining was observed 

under confocal microscopes. The same procedure was applied for phalloidin staining 

except the antibodies were replaced by Alexa Fluor™ 568 Phalloidin staining solution. 

2.4.4 qPCR analysis for pluripotency genes 

The hiPSCs were seeded and cultured on different surfaces (PA and ME, cells 

cultured on Matrigel was used as control) and DMAs (PA-DMA and ME-DMA) for 24 

h. Cell were then detached by cell scrapers after 24 h incubation prior to RNA of 

different sample groups were isolated using the RNeasy® Mini Kit. The quantities and 

purities of extracted RNA were evaluated via Nanodrop 2000 spectrophotometer. Total 

https://imagej.nih.gov/ij/
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RNA (1 μg) was reverse-transcribed into template cDNA by reverse transcription using 

the SuperScript III First-Strand Synthesis System for RT-PCR kit according to 

manufacturer’s instruction. Briefly, 1 μL Random Hexamers (50 ng/ μL), 1 μL dNTP 

mix (10 mM), a certain amount of RNA and nuclease-free water were mixed to a final 

volume of 10 μL in EP tubes and incubated for 5 min at 65°C. Then the tubes were 

placed on ice for 2 min. The cDNA Synthesis Mix was prepared as follows: 2 μL 10× 

RT buffer, 4 μL 25 mM MgCl2, 2 μL 0.1 M DTT, 1 μL RNaseOUT (40U/ μL) and 1 

μL SuperScript® Ⅲ RT (200U/ μL) in the indicated order. Then 10 μL cDNA Synthesis 

Mix was added to each RNA/primer sample. Samples were incubated for 10 min at 

25 °C, 50 min at 50 °C, 5 min at 85 °C, and then place on ice to add 1 μL RNase H 

prior to incubate at 37 °C for 20 min. Then the samples were kept at –20 °C for further 

process and longer storage. To confirm the cDNA synthesis and check primers, a 

control PCR was performed with 10 μL Taq PCR Master Mix 2×, 1 μL forward primer, 

1 μL reverse primer, 2 μL cDNA and 6 μL nuclease free water (95 °C 3 min, cycle 35 

[95 °C 30 s, 54 °C 30 s, 72 °C 90s], 72 °C 5 min and 10 °C ∞) followed by a 1.5% 

agarose gel electrophoresis (90 V, 400 mA, 75 min) and the gel was stained with SYBR 

Safe DNA Gel Stain (1:10000). Quantitative real-time PCR with 10 μL GoTaq® qPCR 

Master Mix, 1 μL forward primer, 1 μL reverse primer, 1 μL cDNA and 7 μL nuclease 

free water was performed using StepOnePlus Real-Time PCR system. The target genes 

and associated primers were listed in Table 9. Real-time data was analyzed as described 

(Pfaffl, 2001). The profiles of gene expression in hiPSCs were quantified with TaqMan 

Gene Expression Assays for each target gene. The expression level of target genes was 

determined by the comparative Ct method and normalized to GAPDH gene expression. 

The relative expressions of each marker in hiPSCs cultured on different surfaces and 

DMAs were normalized to that in hiPSCs cultured on Matrigel. 

2.4.5 Proteins screening control investigation 

DMA pre-coated with Matrigel was set as positive control and DMA without 

Matrigel pre-coating was set as negative control. The hiPSCs were printed on two 

control DMAs and incubated for 24 h. Then the Nanog expression of two control 

hiPSCs were obtained by IF staining according to the method described in 2.4.3. Then 

the staining was imaged by Olympus IX81 inverted motorized microscope with 10× 
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magnification. The statistical analysis of mean fluorescence intensity was performed 

using MATLAB R2018a (The MathWorks, USA). The fluorescence images were taken 

and then images borders were cropped, then a segmentation using 95th percentile of 

pixel brightness values as threshold was done. Found structures were optimized using 

morphological operators (opening (r=7), hole-filling). All remaining objects were 

quantified by their area and their brightness above background (set a minimum 

brightness in the image). The robustness and feasibility of the screening was evaluated 

prior to the screening by calculation of the Z-factor (Z’) between positive and negative 

controls according to the following equations:  

z′ = 1 −  
(3𝜎c+ +  3𝜎c−)

|𝜇c+ −  𝜇c−|
 

where σ = standard deviation (SD) of brightness, μ = mean of brightness, c+ = 

positive control, and c- = negative control.  

2.4.6 Proteins screening 

Eleven individual proteins and their binary and ternary combinations (listed in Table 

13 and 14) were applied for the protein screening for pluripotency maintaining of 

hiPSCs. The proteins were each diluted to 10, 20, and 30 μg/mL and combined in PBS 

to reach the final concentration of each individual component was 10 μg/mL. Then the 

protein solutions were spotted 60 nL/spot on DMAs. The printed DMAs were then 

placed in sealed 10 cm diameter petri dishes for 2 h at RT to allow the proteins coating. 

The hiPSCs were printed onto DMAs and cultured for 24 h, followed by IF staining for 

Nanog expression (as an indicator of hiPSCs pluripotency). The images of IF staining 

were acquired and analyzed to compare the Nanog expression. The screening threshold 

was set as mean ± 3SD. The ‘hit’ proteins which showed higher Nanog expression 

(larger than mean + 3SD of Matrigel group) were then selected and further validated 

by cell attachment efficiency, long-term maintenance of pluripotency marker 

expression and three germ layers (ectoderm, mesoderm, and endoderm) differentiation 

ability.  
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Table 13. Eleven proteins used for macromolecule screening 

  Proteins 

A Thy-1 

B EphB4 

C EphA1 

D E-cadherin 

E CAR 

F JAM1 

G EpCAM 

H BSG 

I DAG1 

J HA 

K Laminin 521 

 

Table 14. Single proteins and binary and ternary proteins combinations used in the primary 

screening. The final concentration of proteins is 10 μg/mL.  

No. CP No. CP No. CP No. CP No. CP No. CP No. CP No. CP 

1 A 30 BK 59 GJ 88 ADI 117 BCI 146 BIK 175 CJK 204 EGJ 

2 B 31 CD 60 GK 89 ADJ 118 BCJ 147 BJK 176 DEF 205 EGK 

3 C 32 CE 61 HI 90 ADK 119 BCK 148 CDE 177 DEG 206 EHI 

4 D 33 CF 62 HJ 91 AEF 120 BDE 149 CDF 178 DEH 207 EHJ 

5 E 34 CG 63 HK 92 AEG 121 BDF 150 CDG 179 DEI 208 EHK 
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6 F 35 CH 64 IJ 93 AEH 122 BDG 151 CDH 180 DEJ 209 EIJ 

7 G 36 CI 65 IK 94 AEI 123 BDH 152 CDI 181 DEK 210 EIK 

8 H 37 CJ 66 JK 95 AEJ 124 BDI 153 CDJ 182 DFG 211 EJK 

9 I 38 CK 67 ABC 96 AEK 125 BDJ 154 CDK 183 DFH 212 FGH 

10 J 39 DE 68 ABD 97 AFG 126 BDK 155 CEF 184 DFI 213 FGI 

11 K 40 DF 69 ABE 98 AFH 127 BEF 156 CEG 185 DFJ 214 FGJ 

12 AB 41 DG 70 ABF 99 AFI 128 BEG 157 CEH 186 DFK 215 FGK 

13 AC 42 DH 71 ABG 100 AFJ 129 BEH 158 CEI 187 DGH 216 FHI 

14 AD 43 DI 72 ABH 101 AFK 130 BEI 159 CEJ 188 DGI 217 FHJ 

15 AE 44 DJ 73 ABI 102 AGH 131 BEJ 160 CEK 189 DGJ 218 FHK 

16 AF 45 DK 74 ABJ 103 AGI 132 BEK 161 CFG 190 DGK 219 FIJ 

17 AG 46 EF 75 ABK 104 AGJ 133 BFG 162 CFH 191 DHI 220 FIK 

18 AH 47 EG 76 ACD 105 AGK 134 BFH 163 CFI 192 DHJ 221 FJK 

19 AI 48 EH 77 ACE 106 AHI 135 BFI 164 CFJ 193 DHK 222 GHI 

20 AJ 49 EI 78 ACF 107 AHJ 136 BFJ 165 CFK 194 DIJ 223 GHJ 

21 AK 50 EJ 79 ACG 108 AHK 137 BFK 166 CGH 195 DIK 224 GHK 

22 BC 51 EK 80 ACH 109 AIJ 138 BGH 167 CGI 196 DJK 225 GIJ 

23 BD 52 FG 81 ACI 110 AIK 139 BGI 168 CGJ 197 EFG 226 GIK 

24 BE 53 FH 82 ACJ 111 AJK 140 BGJ 169 CGK 198 EFH 227 GJK 

25 BF 54 FI 83 ACK 112 BCD 141 BGK 170 CHI 199 EFI 228 HIJ 

26 BG 55 FJ 84 ADE 113 BCE 142 BHI 171 CHJ 200 EFJ 229 HIK 

27 BH 56 FK 85 ADF 114 BCF 143 BHJ 172 CHK 201 EFK 230 HJK 

28 BI 57 GH 86 ADG 115 BCG 144 BHK 173 CIJ 202 EGH 231 IJK 

29 BJ 58 GI 87 ADH 116 BCH 145 BIJ 174 CIK 203 EGI   

2.4.7 Hits validation 

2.4.7.1 Colony attachment efficiency on hits coatings 

The solutions of hit proteins were added to wells of 12-well plates to coat the plates 

at RT for 2 h with the concentration of 10 μg/mL. The protein solutions were aspirated 

and hiPSCs were then detached by ReLeSR and added into each well. Cell attachment 
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were visually scored by counting attached colony numbers in seven random selected 

fields in each technically repeated well at 24, 48, 72, and 96 h. Experiments were 

repeated three times. The average of the attached colony numbers of protein groups 

were compared with that of Matrigel to assess the colony attachment ability of ‘hit’ 

proteins from the screening. 

2.4.7.2 Long-term hiPSC culture on hits coatings 

The 12-well plates were coated with ‘hit’ proteins according to the method described 

in 2.4.7.1. HiPSCs were mechanically dissociated and 10-20 colonies were transferred 

to the pre-coated plates. Then the cells were manually cleaned together with daily 

medium change. The cells were passaged every 3-5 days under the same conditions for 

five passages. HiPSCs culture on Matrigel-coated plates were used as a control. The 

morphology of hiPSCs at each passage was acquired by an inverted microscope and 

pluripotency at each passage was investigated by Nanog expression IF staining.  

2.4.7.3 Differentiation into three germ layers of hiPSCs cultured on hits coatings  

To induce embryoid body (EB) formation, hiPSCs colonies were dissociated and 

collected after five passages on ‘hit’ protein coatings. Then cells were seeded as 25 

μL/drop on the lid of a 10 cm petri dish. The lid was then inverted to close the petri dish 

with 10 mL PBS below in the petri dish. The hanging droplets contained petri dish was 

then placed for 48 h to let the formation of EBs. The formed EBs were then transferred 

onto Matrigel coated well-plates and cultured in DMEM medium supplemented with 

15% FBS and 1% Pen/Strep for additional 14 days to induce spontaneous 

differentiation into three-germ layers (endoderm, mesoderm, and ectoderm). Then IF 

staining experiments were conducted as described in 2.4.3 with anti-Brachyury 

(mesoderm), anti-FOXA2/HNF-3β (endoderm), and anti-β-Tubulin3 (ectoderm) 

antibodies.  

2.5 Image acquisition and analysis 

Images were taken by Keyence fluorescence microscope BZ-X810, Keyence 

fluorescence microscope BZ-9000, Leica TCS SPE confocal laser scanning microscope, 
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and Zeiss LSM 800 confocal laser scanning microscope. For screening, the automated 

Olympus IX81 inverted motorized microscope was involved. Exposure times were kept 

identical in all experiments for different channels and for microscopes used at different 

time points. For small molecule screening in the first part, the cells were stained with 

Hoechst 33342 and PI. The Hoechst 33342 and PI positive cell numbers were analyzed 

by Image J (https://imagej.nih.gov/ij/). Cell viability was calculated as the following 

equation: cell viability (%) = [1 –  (PI positive cell numbers/Hoechst positive cell 

numbers)] × 100.  The transfection efficiency was calculated as the following equation: 

transfection efficiency (%) = (GFP positive cell numbers/Hoechst 33342 positive cell 

numbers) × 100. The screening threshold of transfection efficiency was set as mean ± 

3SD. The transfection efficiency higher than mean + 3SD of control were regarded as 

hit compounds and further validated in a larger scale using the same calculation method. 

For macromolecule screening, the cells were stained with Calcein AM and PI. The area 

of Calcein AM and PI positive were analyzed by Image J (https://imagej.nih.gov/ij/). 

The cell viability was calculated as Calcein AM positive area to the sum of Calcein AM 

and PI positive area. The Nanog expression by IF staining was used as the read-out for 

protein screening. Then the staining was imaged by Olympus IX81 inverted motorized 

microscope with 10× magnification. The statistical analysis of mean fluorescence 

intensity was performed using MATLAB R2018a (The MathWorks, USA). The 

fluorescence images were taken and then images borders were cropped, then a 

segmentation using 95th percentile of pixel brightness values as threshold was done. 

Found structures were optimized using morphological operators (opening (r=7), hole-

filling). All remaining objects were quantified by their area and their brightness above 

background (set a minimum brightness in the image). Threshold of the screening was 

set as mean ± 3SD. The Nanog expression which was higher than that for mean + 3SD 

of Matrigel group was regarded as hit. Then hit proteins were further validated by long-

term culture and three specific germ layers differentiation.  

2.6 Statistical analysis  

All the experiments were conducted with three technical repeats and biological 

repeats and used for statistical analysis. The data were presented as mean ± standard 

deviation (SD) or mean ± standard error of the mean (SEM). Comparisons were 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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conducted via two-tailed unpaired student’s t-test, unless otherwise specified. A 

significant difference was defined as *P  0.05.  
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3 Results and discussion 

3.1 High-throughput screening of cell transfection enhancers using miniaturized 

droplet microarray1 

3.1.1 Cell culture on DMA and workflow of the screening 

Droplet microarray (DMA) slide is a glass slide (75 mm  25 mm  1mm) patterned 

with an array of hydrophilic (static water contact angle ~22.6º) spots assigned by 

superhydrophobic (static water contact angle ~156.5º) borders based on nanostructured 

substrate (Figure 10A and 10B). The layout of the DMA was described in Figure 10. 

The DMA slides divided into three fields (left field, central field, and right field; Figure 

10B) were used in this project, which containing 588 (1 mm side length of square spots) 

and 2,187 (500 μm side length of square spots) individual spots, respectively (Figure 

10C). Due to the precise patterned square spots and stable borders, homogeneous 

cellular microarrays can be created by printing cell suspensions directly into each 

individual spot using a non-contact cell printer and further incubated cells for 

determined time periods. The fluorescence images of GFP expressing cells, Hoechst 

33342 staining cells and PI staining cells were taken and further applied for cell toxicity 

and transfection efficiency analysis.  

Figure 11A displays a 588 spots DMA with 100 nL water per spot to visualize the 

DMA format. The cells could be printed on DMA and further incubated for 24 h (Figure 

11B). Except cell culture, transfection could also be done and observed on DMA 

(Figure 11C, green dots represented GFP expressing cells). Beyond that, DMA platform 

was also accessible for cultivation and transfecting cells in different characteristics, 

such as adherent HEK293T cells (Figure 11D), CHO-K1 cells (Figure 11E) and 

suspension Jurkat cells (Figure 11F). 

 

 

                                                                           
1 Liu, Y., Tronser, T., Peravali, R., Reischl, M., & Levkin, P. A. (2020). High‐Throughput Screening 

of Cell Transfection Enhancers Using Miniaturized Droplet Microarrays. Advanced biosystems, 4(3), 

1900257. 
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Figure 10. Schematic illustration of DMA. (A) Photographs of water droplets on hydrophobic surface 

(static water contact angle ~ 156.5°) and hydrophilic surface (static water contact angle ~ 22.6°) with 

corresponding statistic water contact angles. Droplet volume: 10 μL. (B) A schematic of 500 μm and 1 

mm DMA showing the superhydrophobic borders and hydrophilic spots. (C) A table showing the sizes 

of hydrophilic spots and corresponding superhydrophobic borders of 500 μm DMA and 1 mm DMA.  
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Figure 11. DMA slides and GFP plasmid DNA transfection on DMA. (A) Representative image of 

DMA glass slide (7.5 × 2.5 cm) patterned with 588 square spots. The side length of each square spot is 

1 mm. The distance between centers of two neighboring spots is 1.5 mm. (B) DIC images showed the 

cells after 24 h incubation on DMA slides. Scale bar: 1 mm. (C) Representative image of GFP plasmid 

DNA transfection in spots of DMA after 24 h. Scale bar: 1 mm. Green fluorescence came from GFP. 

Fluorescent images of GFP plasmid DNA transfection results of (D) HEK293T cells, (E) CHO-K1 cells, 

and (F) Jurkat cells. Scale bar: 1 μm.  

In order to identify compound candidates that can potentially enhance transfection 

efficiency and/or increase GFP expression cell numbers, I developed an HTS assay that 

can rapidly screen numerous compounds. As for cell systems, I chose CHO-K1, Jurkat, 

and HEK293T cells. CHO-K1 is one of the most important cell lines for the production 

of biotherapeutic protein and antibodies, but they are typically difficult to transfection 

(Kadlecova et al., 2012; Ye et al., 2010). Jurkat cells are an immortalized line of human 

T lymphocyte which are widely used due to their relevance to blood cells. However, 

they are hard to transfect due to a low proteoglycans content in their cellular membranes 

(Palchetti et al., 2017; Riedl et al., 2018; Zhao et al., 2012). And HEK293T cells are a 
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standard cell line used by many scientists because of their propensity for transfection 

(Jager et al., 2013).  

A schematic diagram of the HTS workflow is depicted in Figure 12A and 12B. 

Firstly, the stock solution of 774 FDA-approved drugs were diluted to three 

concentrations 1, 10, and 30 μM, and then 20 nL of each drug was printed on 500 µm 

DMA slides with three replicates.  

The remaining amount of dimethyl sulfoxide (DMSO) after drug printing was toxic 

for cells. To remove DMSO from the DMA and to make all the conditions the same 

during printing, the DMA slides were dried in a vacuum desiccator overnight. 

Complexes of GFP plasmid DNA and ScreenFect®A transfection reagent were prepared 

and then mixed with cells (Figure A 1). Then the mixture was printed into each spot 

and incubated with drugs at three concentrations along with a drug-free control 

(DMSO). And the same three controls were located at each square field inside of each 

slide. Besides, the outer two rows and columns were subtracted because of the edge 

effect. After 24 h incubation, cells were fixed, and the GFP expressed cells were imaged 

by an automated fluorescence microscope and the number of GFP‐positive cells was 

quantified. Then the relative transfection enhancement was calculated as a ratio of the 

mean number of GFP positive cells for each drug over the mean number of GFP positive 

cells of drug ‐ free control. In order to investigate the printing procedure, cell 

distribution of cells after printing on three fields of DMAs were analyzed. The cells 

were printed and stained with Hoechst 33342 on DMA. Then the total numbers of cells 

in each spot were calculated by ImageJ software and further analyzed by Poisson 

function (Figure A 2). The primary screening was done on 500 μM DMA of 774 FDA 

approved drugs, and then the secondary screening of fourteen selected hits was done on 

1 mm DMA. The further confirmation and validation of the screening was conducted 

in conventional 384- and 96-well plates.  
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Figure 12. The workflow of in vitro transfection screening. (A) The illustration of 500 μm DMA and 

1 mm DMA. 500 μm and 1 mm indicated the side length of square spots. There were 729 individual 

spots for one field on DMA slide, resulted in totally 2,187 individual spots. For 1 mm DMA, there were 

588 individual spots for one field on DMA and in total 588 individual spots could be obtained. In the 

primary screening which were done on 500 μm DMA, 774 FDA approved drugs were printed and dried 

in the vacuum desiccator overnight. Cells mixed with transfection mixture (ScreenFect®A transfection 

reagent and GFP plasmid DNA in dilution buffer) at RT for 20 min and printed into each spot, prior to 

incubating for 24 h. Then cells were fixed and automated imaged by screening fluorescence microscope. 

Three concentrations were used for the primary screening of transfection enhancers (1, 10 and 30 μM). 

Fourteen ‘hit’ compounds were chosen from the primary screening and validated on 1 mm DMA and in 

384-well plates. The experiments were done in the same way as on 500 μm DMA, except for wider 

ranges of drug concentrations, which were 1, 5, 10, 20, 30, and 40 μM. For the drug-free control, the 

transfection mixture was printed on blank DMAs. (B) Illustration of whole pipeline of the screening. The 

primary screening was done on 500 μm DMA and the secondary screening was done on 1 mm DMA 

with wider drug concentration range. Then the ‘hit’ compounds were further validated and confirmed in 

conventional 384- and 96-well plates. (C) The screening of 774-FDA approved drugs in three 

concentrations with three replicates resulted in a total of 41,796 individual experiments. In the primary 
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screening, the volume of each individual spot was 20 nL, resulted in total only 0.84 mL consumption of 

cell suspension and 200 pmoles of drugs, which was 2,500 times less that if the same experiment would 

have to be conducted in 384-well plates.  

3.1.2 High-throughput screening results of transfection enhancers 

Heatmaps in Figure 13 displayed the results of primary screening of CHO-K1 cells 

transfection. The blue cells of the heatmap represent spots with less GFP positive cells 

than that in the drug‐free control spots (white cell), while the red color represents 

experiments with more GFP positive cells than that in the drug‐free controls. For CHO‐

K1 cells, there were 425 compounds which showed transfection enhancement, while 

349 compounds showed transfection decrease at the concentration of 1 μM when 

compared to drug‐free controls. As for 10 μM, 624 compounds showed transfection 

enhancement while 150 compounds showed transfection decrease. At 30 μM 

concentration, the numbers of the transfection enhancement and transfection decrease 

were 233 and 541, respectively. The transfection enhancement demonstrated a 

concentration‐dependent manner and at the concentration of 10 μM, the most drugs 

showed transfection enhancement compared to the concentration of 1 and 30 μM. It 

might be that the drugs have various influence on the cellular endocytosis, intracellular 

delivery and localization of the transfection complex, resulting in a different expression 

of GFP followed by different transfection efficiency. Furthermore, a principal 

component analysis (PCA) based multiobjective optimization procedure was also 

utilized for double verification of the screening results to get rid of false signals and for 

the dimensionality reduction, whose efficacy was demonstrated by solving up to 50‐

objective optimization problems. In the PCA score plot (Figure 13B), each number 

represented one drug and significantly different behaviors of transfection under 

different drugs can be observed. The GFP expressed cell numbers vary in the presence 

of drugs, resulted in drugs that were distinct from the transfection under control 

conditions. The outliers (hit compounds) got from the PCA analysis are almost the same 

as identified using the above algorithm.  
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Figure 13. Impact of FDA-approved drugs on transfection efficiency of CHO-K1 cells. (A) 

Heatmaps showed the impact of FDA-approved drugs on CHO-K1 cells at three concentrations (1, 10, 

and 30 μM). The heatmaps were generated according to the quantified relative transfection efficiency 

data, which was obtained from in total 20,898 individual experiments (three technical repeats and three 

biological repeats). The three heatmaps were sorted altogether by enhancement level of gene transfection 

compared to positive (drug-free) control. The blue patch and red patch represented a decrease and 

increase compared to drug-free control (white patch at the upper left corner), respectively. (B) Principal 

component analysis (PCA) graph showed overview of impact of FDA-approved drugs on transfection 

efficiency of CHO-K1 cells. Numbers accompanied with each dot represented drugs in the FDA-

approved library.  

Primary hits (hit compounds) were identified as drugs that increased the number of 

GFP positive cells in comparison to the drug‐free mean by at least three standard 

deviations. Thus, at 1 μM concentration, 19 hits were identified, as well as 78 hits at 10 

μM concentration and 18 hits at 30 μM concentration (Figure 14). Seven compounds 

(auranofin, captopril, carbidopa, oxacillin sodium salt monohydrate, oxiconazole 



3 Results and discussion 

73 

 

nitrate, piroxicam, and tranylcypromine hemisulfate) showed repeatable transfection 

enhancement at different concentrations. There are more hits at 10 μM than at 1 μM, it 

might be the stimuli from the drugs at low concentration increases the cell division 

activity which could lead to the negative results. There are more hits at 10 μM 

concentration than at 30 μM, which can be explained by increased toxicity at the highest 

concentration used and, thus lower overall cell number per experiment.  

The same primary screening was also conducted with Jurkat human T ‐ cell 

lymphocyte cells, which has traditionally proven to be very difficult to transfect due to 

a low proteoglycans content in the cellular membranes and a reduced attachment of the 

transfection complex to the surface of cells (Basiouni et al., 2012; Riedl et al., 2018). 

The results of the primary screening of Jurkat cells showed significantly less positive 

hits in comparison to the transfection of CHO‐K1 cells (Figure A 3 and Table A 1). 

For Jurkat cells, there were 244 compounds which showed transfection enhancement 

while 530 compounds showed transfection decrease at the concentration of 1 μM when 

compared to the drug‐free controls. As for 10 μM, 325 compounds showed transfection 

enhancement while 449 compounds showed transfection decrease. At 30 μM, the 

numbers of the transfection enhancement and transfection decrease were 192 and 582, 

respectively. Due to the difficult transfection characteristic of Jurkat cells, less 

transfection enhancement compounds could be found compared to CHO‐K1 cells. 

When the threshold of the primary screening was set as mean + 3SD, no hits were 

identified at 1 μM concentration. But 2 hits at 10 μM concentration and 1 hit at 30 μM 

concentration were identified. The higher overall transfected cell number demonstrates 

six‐to eight-fold relative transfection enhancement of the two hits compared to the 

drug‐free controls in the primary screening. 
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Figure 14. Hit compounds identified as transfection enhancers in the primary screening of CHO-

K1 cells. The scatter graph in the upper left panel showed the 19 out of 774 drugs in the FDA-approved 

drug library at 1 μM concentration as transfection enhancer for in vitro CHO-K1 cells transfection. The 

scatter graphs in the lower panel and upper right panel displayed 78 hit compounds and 18 hit compounds 

out of 774 drugs in the FDA-approved drug library at 10 and 30 μM concentrations as transfection 

enhancers, respectively. The red dots in the scatter graph indicated the compounds (auranofin, captopril, 

tranylcypromine hemisulfate, piroxicam, carbidopa, oxacillin sodium salt monohydrate, and oxiconazole 

nitrate) which showed repeatable positive enhancement at different concentrations and the green dots in 

the scatter graph indicated the compounds (rifampin, rivastigmine tartrate, hydrocortisone acetate, 

ifosfamide, indapamide, methylprednisolone, and naphazoline·HCl) which showed strong enhancement 

effect at one concentration. Data were presented as mean ± SD of three biological experiments with three 

technical repeats each time.  

In the primary screening, I assumed that the numbers of cells printed onto each 

individual spot are the same. Nevertheless, cells precipitate during printing due to the 

printing pressure and gravity, resulting in the variability of cell numbers among spots 

(Figure A 2). For this reason, the hits from primary screening were further validated. 

Fourteen hit compounds that showed a strong enhancement effect at one concentration 

or showed repeatable positive enhancement at different concentrations were selected 

for the secondary screening to validate the observed effects (Figure A 4 and Table 15). 

The validation experiment was performed on 1 mm DMA at concentrations ranging 

from 1 to 40 μM. To further test whether the transfection hit compounds contribute to 
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transfection efficiency enhancement, I introduced HEK293T, a well-known easy to 

transfect cell type (Wu et al., 2002), to test the hits from the primary screening as well. 

ach drug was evaluated by three parameters: 1) number of GFP expressing cells, 2) 

dead cell number (stained by PI), and 3) total cell numbers (stained by Hoechst 33 342). 

The transfection efficiency and cell viability of influence of each drug on CHO-K1 cells 

transfection were displayed in Figure 15. The secondary screening showed obvious and 

reproducible dose-dependent effects of the drugs on transfection efficiency of CHO-K1 

cells. Transfection efficiencies increased between 1.8-fold to 5.1-fold compared to 

drug-free control. However, 12 out of 14 hit compounds showed considerable 

transfection efficiency at higher drug concentrations (30 and 40 μM) due to the high 

toxicity towards cells. In the case of piroxicam and tranylcypromine hemisulfate, the 

transfection enhancement was observed even at higher concentrations. Some drugs 

(ifosfamide, methylprednisolone, and oxacillin sodium salt monohydrate) showed the 

same trend in the primary screening and the secondary screening. All fourteen 

compounds also demonstrated a dose‐dependent negative effect on cell viability of 

CHO‐K1 cells. The hit compounds validation on Jurkat cells (Figure A 5) and 

HEK293T cells (Figure A 6) were also conducted. The results of HEK293T that is a 

well-known easy to cultivate and transfer cell type, showed the same transfection 

enhancement trend as CHO-K1 cells with higher transfection efficiency (increasing 

between 1.2-fold and 3.5-fold when compared to drug-free control). In the case of 

Jurkat cells, no significant transfection enhancement was observed at all concentrations 

tested, probably due to the overall too low transfection efficiency.  

Table 15. Fourteen hit compounds selected from the primary screening for secondary screening 

Compound 
Therapeutic 

effect 
Structure Compound 

Therapeutic 

effect 
Structure 

Captopril 

Inhibitor of 

angiotensin 

converting 

enzyme (ACE) 
 

Rifampin 

(Rifampicin) 

Inhibitor of 

DNA-dependent 

RNA 

polymerase 
 

Carbidopa 

Inhibitor of 

DOPA 

decarboxylase 
 

Rivastigmine 

tartrate 

Inhibitor of 

parasympathomi

metic and 

cholinesterase  
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Auranofin 

Inhibitor of 

kappaB kinase 

and thioredoxin 

reductase  

Hydrocortison

e acetate 

Anti-

inflammatory or 

immune-

suppressive 

drug 

 

Oxiconazole 

nitrate 

Antibiotic used 

in resistant 

staphylococci 

infections 
 

Ifosfamide 

Alkylating 

agent and 

immune-

suppressive 

agent 
 

Tranylcyprom

ine 

hemisulfate 

Inhibitor of 

monoamine 

oxidase (MAO)  

Indapamide 

Antihypertensiv

e and diuretic 

agent 
 

Piroxicam 

Nonsteroidal 

Antiinflammat-

ory agent 

(NSAID)  

Methylprednis

olone 

Anti-

inflammatory 

and immune-

suppressive 

agent 
 

Oxacillin 

sodium salt 

monohydrate 

Penicillin beta-

lactam 

antibiotic  

Naphazoline·

HCl 

Sympathomimet

ic alpha 

adrenergic 

agonist  
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Figure 15. Secondary screening results of impact of fourteen hit compounds on CHO-K1 cells 

transfection efficiency. Fourteen hit compounds (auranofin, captopril, carbidopa, hydrocortisone 

acetate, ifosfamide, indapamide, oxacillin sodium salt monohydrate, methylprednisolone, 

naphazoline·HCl, rifampin, oxiconazole nitrate, piroxicam, tranylcypromine hemisulfate, and 

rivastigmine tartrate) were printed onto 1 mm DMA and dried in vacuum desiccator overnight. Then 100 

nL transfection mixture (transfection reagent, GFP plasmid DNA and CHO-K1 cells) were printed and 

incubated at 37 ºC for 24 h before quantification. The final treatment concentrations of each compound 

were set as 0, 1, 5, 10, 20, 30, and 40 μM. Cells were then stained with 10 μg/mL Hoechst 33342 and 

0.67 μg/mL PI to visualize all cell nuclei and dead cells, respectively. The GFP expressing cell numbers, 

PI positive cell numbers and Hoechst positive cell numbers were counted by ImageJ software. Cell 

viability was calculated as the following equation: cell viability (%) = 1 –  (PI ‐ positive cell 

numbers/Hoechst positive cell numbers) ×  100. The transfection efficiency was calculated as the 
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following equation: transfection efficiency (%) = (GFP positive cell numbers/Hoechst positive cell 

numbers) × 100.  

3.1.3 Validation of hit compounds from screening 

In order to further validate the obtained results, I compared the transfection 

efficiency of hits at their most effective concentrations on DMA (Table A 2) on both 

DMA slides and conventional 384‐well plates of CHO‐K1 cells (Figure 16) and 

HEK293T cells (Figure A 7). In general, the transfection efficiency of the individual 

wells in 384‐well plates was less variable than that on the individual spots on DMA, 

which could be attributed to the 11.35‐fold less cells in each droplet of the DMA in 

comparison with the plate format (100 nL volume with 100 cells per spot vs 20 µL 

volume with 1135 cells per well). The average transfection efficiency showed no 

significant differences between the two platforms, which confirmed validity of the 

results from the primary and secondary screening and the possibility to translate 

obtained results into larger, more commonly used formats, such as microtiter plates. 

 

Figure 16. Fourteen hit compounds transfection enhancement comparison on two platforms. The 

impact fourteen compounds under the most effective concentration for CHO-K1 cells transfection on (A) 

1 mm DMA slide and (B) 384-well plates. Experiments were done with three replicates on two platforms. 

Transfection efficiency in every spot on DMA or well in well plates were displayed separately. The three 

different shapes demonstrated three individual replicates (replicate 1‐square, replicate 2‐circle, and 

replicate 3‐triangle). The most effective concentration of each compound was used (Table A2).  

DMA and conventional microtiter plates are two different in vitro cell culture 

systems in terms of the cell cultivation and experiment parameters, which might be 
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diverse due to the discrepancy in formats, edge‐effects, evaporation, and area to volume 

ratio. The transfection parameters are also supposed to be different. Therefore, I 

selected four hits (hydrocortisone acetate, naphazoline·HCl, oxacillin sodium salt 

monohydrate, and piroxicam) after validation and further evaluated the transfection 

efficiency in an optimal condition of transfection in 96 ‐well plates. First, the 

transfection optimization in the presence or absence of the drugs was conducted (Figure 

A 8A-E) using transfection reagent amounts from 0.1 to 0.4 µL/96‐well plate well and 

from 50 to 100 ng per well of plasmid DNA. As shown in Figure A 8, the highest 

transfection efficiency was achieved at 0.4 µL transfection reagent with 100 ng DNA 

per well with or without the drugs. Thus, these conditions were chosen for the following 

experiments. The transfection efficiency and cell viability were evaluated with these 

four drugs and compared with the drug‐ free control. As shown in Figure A 8F, 

naphazoline·HCl, oxacillin sodium salt monohydrate, and piroxicam could increase the 

transfection efficiency from 30.3% ± 1.6% (drug‐free control) to 36.3% ± 0.9%, 38.8% 

± 1.1%, 33.9% ± 1.2%, respectively. It should be noted that the mechanisms behind 

the increase of transfection efficiency caused by these molecules are still unknown and 

need further investigation. The transfection enhancement may be caused by the 

influence of these drugs on the expression of particular genes involved in the cellular 

uptake processes, endosomal escape, or other mechanisms (Lehmann et al., 1997; 

Yoshimura & Oka, 1990). The results of this study demonstrate the great potential of 

the DMA platform in miniaturized high‐throughput screenings of small molecules such 

as drugs, high ‐ throughput cell transfection experiments, and search for new 

biologically active molecules. 

Biological development has shifted toward identifying leads that most effectively 

fulfill the therapeutic and experimental request in a miniaturized and automated way. 

The development demands the ability to rapidly screen numerous molecules in parallel 

at micro- and nanoscale volumes. The significant screening results can expand the 

diversity of these molecules and consequently improve the prospect of selected 

molecules with the desired characteristics. With the aim of improving transfection 

efficiency, I selected pharmacological priming as a rapid strategy to achieve this goal. 

Pharmacological priming (drug repurposing) is a pharmacological modulation of 
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transfection efficiency, in which the cells were treated with chemical compounds before, 

during, or after mixing with the transfection mixture in order to improve some aspects 

of gene transfection process. Except for the pharmacological priming, adding small 

molecule compounds to the cell culture media is the other possibly simple and effective 

method to improve transfection efficiency. However, in order to identify such 

transfection-enhancing molecules, thousands of small molecules must be tested. 

Current high-throughput screening (HTS) technologies based on microtiter plates 

cannot be used in such screenings due to prohibitively high costs associated with large 

volumes of reagent and the man-power required.  

The main idea of the screening was established by comparing cells treated with 

biologically active compounds, versus untreated but transfected cells, where the GFP 

expression was different between each condition in CHO-K1, Jurkat, and HEK293T 

cells. Our study indicated that compounds from diverse drug indications could be 

screened for transfection enhancers in the context investigating biological mechanisms 

of transfection. By exposing to biological active compounds to enhance non-viral 

transfection, the genomic targets might be modulated in the cell processes involved in 

transfection, including mitochondrial dysfunction, oxidative stress, cell division, cell 

cycle, and cell death. It indicates that apart from overcoming the primary barriers to 

transfection, overall cellular response or process need to be modulated to achieve higher 

transfection efficiency and more sustained gene expression.  
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3.2 Miniaturized droplet microarray platform enables maintenance of human 

induced pluripotent stem cell pluripotency 

3.2.1 DMAs for culture of hiPSCs 

DMAs consist of an array of hydrophilic spots (1-mm side length) on a 

superhydrophobic background (Figure 17). In this study, I optimized and adapted the 

DMA platform for culturing and screening hiPSC in 200-nL droplets. To fully 

characterize the phenotype and behavior of hiPSC cultured on the DMA platform, I 

investigated the morphology, viability and pluripotency of cells cultured on TA and TB 

DMAs (Figure 17). To distinguish the influence of surface properties and small 

nanoliter volumes on these characteristics, I investigated and compared the phenotypes 

of hiPSCs cultured on a large area (2.5 cm × 7.5 cm) of hydrophilic surface covered 

with 2 mL of culture media (TA and TB surfaces) and in confined 200-nL droplets 

formed on these two surfaces (TA and TB DMAs). Both TA and TB DMAs were 

prepared on a standard microscope glass slide by introducing superhydrophobic borders 

on TA and TB surfaces. Since hiPSCs are known to be sensitive to surface cues, such 

as hydrophilicity, topography, and roughness, I first characterized the two types of 

surfaces (Cui et al., 2020; Ross et al., 2012). 

 

Figure 17. Schematic representation of the investigated substrates and overview of the studies. 

Illustration of TA and TB surfaces and their corresponding DMAs (TA DMA and TB DMA) containing 

superhydrophobic borders and hydrophilic spots (1-mm side length). The two surfaces were 

characterized. The hiPSCs were seeded and cultivated on TA and TB surfaces in 2 mL cell culture 

medium and on TA and TB DMAs in 200 nL cell culture medium droplets confined to square hydrophilic 
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spots (1-mm side length). Morphology, viability, and pluripotency of hiPSCs cultured on TA and TB 

surfaces, as well as TA and TB DMAs, were investigated. 

3.2.2 Surface characterization 

Two types of surfaces were characterized by water contact angle (WCA) goniometry, 

energy-dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM), 

atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). The 

hydrophilic areas of the TA and TB surfaces exhibited similarly low water contact 

angles of 15.5º ± 2.0º and 14.1º ± 0.1º, respectively, thus confirming the hydrophilic 

properties of the surfaces (Figure 18A). EDX spectra showed the following elements 

present on the hydrophilic surfaces (Figure 18B): a sulfur (S) peak was uniquely 

detected on the TA surface and a fluorine (F) peak was uniquely detected on the TB 

surface, whereas neither of the surfaces showed any additional characteristic elements 

apart from those of glass (e.g. Si, O, Na, Mg, and K). The surface morphology and 

roughness were characterized by SEM and AFM (Figure 18C and 18D). Both the TA 

and TB surfaces exhibited a homogenously rough morphology at the nanoscale. Surface 

roughness (Ra) determined from the AFM height profiles further confirmed the 

topological similarity of the TA and TB surfaces (60 nm ± 19 nm and 57 nm ± 15 nm, 

respectively: n = 3). XPS was employed to investigate the surface chemistry in more 

detail. The survey scan XPS spectra displayed the differences in the chemical elements 

of the TA and TB surfaces (Figure 18E and 18F). For the survey scan of the TA surface, 

only C, Si, and O were detected, although the presence of sulfur was confirmed by the 

occurrence of a characteristic S 2p doublet at 163.3 eV in the narrow scan. A shoulder 

leaning to higher energies (approximately 286 eV) in the C 1s narrow scan indicated 

the presence of C-O species on the TA surface, as expected for adventitious carbon 

(Figure 18E). A fluorine peak was observed in survey scan XPS spectra of the TB 

surface (Figure 18F). A C 1s scan of the TB surface then revealed binding energies at 

293.6 and 291.3 eV, which are indicative of -CF3 and -CH2 bonds, respectively. A 

shoulder toward higher energies (approximately 286 eV) might stem from oxidized 

carbon species or adventitious carbon. In the narrow scan of F 1s, a peak at 688.7 eV 

was detected, which is characteristic of organic fluoro-compounds. The Si 2p and O 1s 

narrow scans of both the TA and TB surfaces were practically identical and indicative 

of the silicon dioxide present in the coating (Figure A 9A and A 9C). To ensure 
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reproducibility and homogeneity of the surface functionalization, three high-resolution 

scans were conducted on different spots of the surfaces (Figure A 9B and A 9D). To 

trace sulfur, 10 scans were conducted without scanning other energies (except for a 

C 1s scan as a reference) to avoid photochemical destruction of sulfur-carbon bonds 

(Figure A 9B). In conclusion, both the TA and TB surfaces possessed almost identical 

characteristics in terms of hydrophilicity and morphology, but differed in their chemical 

environment. 

 

Figure 18. Characterization of TA and TB surfaces. (A) Water contact angles of the TA and TB 

surfaces measured with 8 μL water droplets under ambient conditions (25 °C). Data represent the mean 

± standard deviation (n = 3 replicates). (B) EDX (energy-dispersive X-ray) spectra of the TA and TB 

surfaces. The surfaces were coated with carbon to ensure conductivity. A sulfur peak and a fluorine peak 
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were observed on the TA surface and TB surface, respectively. The surface topography was characterized 

by (C) scanning electron microscopy (SEM) and (D) atomic force microscopy (AFM). Surface roughness 

(Ra) was determined from the AFM height profiles (n = 3). (E) Survey scan X-ray photoelectron 

spectroscopy (XPS) spectra of the TA surface, and XPS spectra of C 1s and S 2p on the TA surface. (F) 

Survey scan XPS spectra of the TB surface, and XPS spectra of C 1s and F 1s on the TB surface. Scale 

bar: 2 μm. 

3.2.3 Culturing and characterization of hiPSCs on TA and TB DMA 

HiPSCs are commonly maintained in different culturing vessels, including flasks, 

petri dishes and multi-well plates, in volumes ranging from one to dozens of mL on a 

MG layer. MG promotes the attachment and proliferation of hiPSCs in vitro. In this 

study, I investigated the feasibility of culturing hiPSC in 200-nL droplets on DMAs 

coated with (MG+) and without (MG-) Matrigel (1% v/v) while preserving all important 

characteristics of these cells such as morphology, viability and the most important 

factor – pluripotency. 

HiPSCs are very sensitive to environmental stresses, such as compression and shear, 

which can occur during dispensing of cells and cause dissociation-induced cell death 

(Goetzke et al., 2018; Ohgushi et al., 2010). Therefore, I first compared the viability of 

hiPSCs dispensed onto DMAs using different printing settings, such as the pressure 

applied during dispensing of cells and reagents with the non-contact low volume 

dispenser used in this study (Figure 19). A live/dead staining method was used to assess 

the viability of hiPSCs on MG- TA DMA and MG- TB DMA after dispensing with 

distinct printing pressures of 75, 150, and 300 mbar·ms after 24 h of culture. For this, 

a solution containing calcein AM (0.5 μg/mL) and propidium iodide (PI, 0.5 μg/mL) 

was dispensed directly onto the droplets containing cells to stain and dead cells, 

respectively. Cell viability was calculated as the ratio of the calcein AM-positive area 

to the sum of the calcein AM- and PI-positive areas. The viability of cells cultured for 

24 h and dispensed under pressures of 150 and 300 mbar·ms was comparable, while 

the viability of cells dispensed under 75 mbar·ms was approximately 28% lower. This 

might be because single cells are more commonly dispensed than aggregates of cells 

under lower printing pressure, and single hiPSCs are more prone to cell death. The 

viabilities of hiPSCs cultured on TA DMA for 24 h were 43.74%  9.90%, 70.73%  

6.25% and 72.52%  7.51% for printing pressure of 75, 150 and 300 mbar·ms, 
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respectively (Figure 19A and 19B). The viabilities of cells cultured on TB DMA under 

these three conditions were 40.50%  9.47%, 70.43%  6.91%, and 71.70%  7.63%, 

respectively (Figure 19C and 19D). There were no significant differences in the 

viability of hiPSCs cultivated on MG- TA and MG- TB DMAs under the same 

conditions. These observations suggest that the DMA printing pressure has an impact 

on viability of hiPSCs. Therefore, I used a printing pressure of 150 mbar·ms and 

cultivation time of 24 h for all further experiments. 

 

Figure 19. Comparison of viability of hiPSCs on TA DMA and TB DMA with different printing 

pressures. HiPSCs were cultured in mTeSR plus medium for several passages prior to being detached 

by ReLeSR™ and printed into DMA spots. In each individual spot, 200 nL of hiPSCs cell suspension 

was printed. After 24 h of culture, calcein AM and PI were then printed for live/dead staining. The cell 

viability was calculated as the ratio of the calcein AM-positive area to the sum of the calcein AM- and 

PI-positive areas. (A) The viability of hiPSCs printed on TA DMA under pressures of 75, 150, and 300 

mbar·ms and cultured for 24 h (n = 3 biological replicates). (B) Representative fluorescence images of 

hiPSCs seeded onto TA DMA under 75, 150, and 300 mbar·ms printing pressure and cultured for 24 h. 

(C) The viability of hiPSCs printed onto TB DMA under pressures of 75, 150, and 300 mbar·ms and 
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cultured for 24 h (n = 3 biological replicates). (D) Representative fluorescence images of hiPSCs seeded 

onto TB DMA under 75, 150, and 300 mbar·ms printing pressure and cultured for 24 h. Data represent 

the mean ± SD. Scale bar: 100 μm.  

HiPSC cultured in vitro typically grow in tightly packed colonies, which 

distinguishes them from somatic cells (Kato et al., 2016; Singh et al., 2013). Therefore, 

the morphology of hiPSC colonies is considered to be an important factor that indicates 

the pluripotency hiPSCs in vitro. HiPSCs cultured in vitro are usually passaged as 

multi-cellular clusters since single cells are more prone to cell death whereas colonies 

are quickly re-established by cell clusters (Liu et al., 2019). I investigated the 

morphology of hiPSCs cultivated on MG+ and MG- TA DMA and MG- TB DMAs 

(Figure 20A and 20B). HiPSCs exhibited typical morphology of tightly compacted, 

well-defined colonies consisting of round cells with large nuclei and a high nucleo-

cytoplasmic ratio on both MG+ and MG- DMAs (Figure 20A and 20B) (Courtot et al., 

2014; Kato et al., 2016). These observations indicated the feasibility of utilizing the 

DMA platform for hiPSC culture. The morphology of hiPSCs grown on surfaces (MG+ 

2 mL, MG- TA 2 mL, and MG- TB 2 mL) were also investigated (Figure A 11). Bright 

field images of 10 spots were acquired in three independent experiments (Figure A 12 

and A 13). I compared the viability of hiPSCs on MG+ and MG- TA DMA and MG- TB 

DMA after 24 h of culture. The viability of hiPSCs ranged from 70% to 76% (Figure 

20C and 20E) and live hiPSCs were abundant on DMAs (Figure 20D and 20F Our 

results showed that there were no significant differences in the viability of hiPSCs 

cultured on both MG+ and MG- DMAs, which indicated that MG coating is not crucial 

for culturing hiPSCs on DMAs for 24 h. 
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Figure 20. Morphology and viability of hiPSCs on TA and TB DMA with and without MG coating 

(MG+ and MG-). (A) Morphology of hiPSCs cultivated on MG+ and MG- TA DMA. (B) Morphology 

of hiPSCs cultivated on MG+ and MG- TB DMA. (C) Comparison of viability of hiPSCs cultivated on 

MG+ and MG- TA DMA for 24 h. The cell viability was determined as the ratio of the calcein AM-

positive area to the sum of the calcein AM- and PI-positive areas (n = 3 biological replicates). (D) 

Representative fluorescence images of live (green, calcein AM-positive) and dead (red, PI-positive) 

hiPSCs cultured on MG+ and MG- TA DMA. (E) Comparison of viability of hiPSCs cultivated on MG+ 

and MG- TB DMA for 24 h. The cell viability was determined as the ratio of the calcein AM-positive 

area to the sum of the calcein AM- and PI-positive areas (n = 3 biological replicates). (F) Representative 

fluorescence images of live (green, calcein AM-positive) and dead (red, PI-positive) hiPSCs cultured on 

MG+ and MG- TB DMA. Data represent the mean ± SD. Scale bar: 100 μm. 

The pluripotency of hiPSCs cultured in vitro is the most crucial and defining 

characteristic of these cells since it represents the ability of a cell to differentiate into 

any cell type. To maintain hiPSCs in the pluripotent state, several research groups have 
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reported new cell culture substrates with the potential for use as MG substitutes. 

HiPSCs cultured on these substrates have similar gene expression patterns and a 

comparable level of pluripotency to cells grown on MG (Brafman et al., 2010; Caiazzo 

et al., 2016; Musah et al., 2012). However, spontaneous differentiation of hiPSCs into 

random/multiple lineages during in vitro culture is still common. Thus, the search for a 

coating with well-defined composition that is xeno-free to replace the commonly used 

MG and facilitate the generation of a reproducible culturing environment for hiPSCs is 

still ongoing.  

Therefore, as a next step, I characterized and compared the pluripotency of hiPSC 

cultured on MG+ and MG- TA and TB DMAs, as well as on MG+ and MG- TA and TB 

DMA surfaces (Figure 17). HiPSC pluripotency is precisely regulated by a core set of 

transcription factors, including Nanog, Oct4, and Sox2 (Boyer et al., 2005; Wang et al., 

2006). However, Nanog is at the heart of the gene regulatory network and fluctuations 

in its expression have been linked to cell fate decisions such as self-renewal (Nanog 

high) and differentiation (Nanog low), making it a critical factor for maintaining 

pluripotency (Blinka & Rao, 2017; Navarro et al., 2012). I therefore assessed the impact 

of cultivation environment on pluripotency of hiPSCs by immunofluorescence (IF) 

staining and qPCR analysis of Nanog protein and gene expression, respectively. I 

compared Nanog expression in hiPSC cultured on MG- TA and TB DMAs (200 nL cell 

culture medium), as well as MG- TA and TB surfaces (2 mL cell culture medium) 

(Figure 21A) using Nanog expression in hiPSCs cultured on a MG+ standard tissue 

culture plate (“MG+ 2 mL”) and a MG+ DMA (“MG+ 200 nL”) as controls (Figure 21A). 

Relative Nanog protein expression, calculated as the mean fluorescence intensity of 

Nanog IF staining and further normalized with the MG+ 2 mL group varied in hiPSCs 

cultured on different substrates (Figure 21B). Generally, higher Nanog expression was 

observed in hiPSCs cultivated on DMAs (MG+ 200 nL, MG- TA 200 nL, and MG- TB 

200 nL) compared with that in hiPSCs cultivated on surfaces (MG+ 2 mL, MG- TA 2 

mL, and MG- TB 2 mL) (Figure 21A and 21B). Nanog expression in hiPSCs cultivated 

on MG+ 200 nL was 1.67 ± 0.23-fold higher than that in MG+ 2mL. Furthermore, Nanog 

expression levels in hiPSCs cultivated on MG- TA 200 nL and MG- TB 200 nL were 

1.77 ± 0.35 and 1.69 ± 0.53 times higher than that on MG- TA 2 mL and MG- TB 2 mL, 

respectively. Compared to the Nanog expression on MG- TA 200 nL and MG- TB 200 

nL, the Nanog expression levels on MG+ 200 nL were 1.78 ± 0.24-fold and 1.56 ± 0.21-
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fold higher, respectively. The same trend was observed for MG- TA 2 mL and MG- TB 

2 mL, for which Nanog expression levels were 45% and 40% lower than for MG+ 2 

mL, respectively. This trend was also observed in the qPCR analysis. HiPSCs grown 

on DMAs in 200-nL droplets (MG+ 200 nL, MG- TA 200 nL, and MG- TB 200 nL) 

generally displayed higher Nanog gene expression than that in cells grown on surfaces 

in a 2-mL volume (MG+ 2 mL, MG- TA 2 mL, and MG- TB 2 mL) (Figure 21C The 

Nanog expression of hiPSCs grown on MG+ 200 nL was 3.36 ± 0.3 times higher than 

that of hiPSCs grown on MG+ 2 mL. Nanog expression levels of hiPSCs grown on MG- 

TA 200 nL and MG- TB 200 nL were 5.74 ± 0.45-fold and 6.87 ± 0.96-fold higher than 

those of hiPSCs grown on MG- TA 2 mL and MG- TB 2 mL, respectively. However, 

similar Nanog expression levels were observed in hiPSCs grown on MG- TA 2 mL and 

MG- TB 2 mL, which were 76% and 66% lower than that in cells grown on MG+ 2 mL, 

respectively. I also analyzed the expression levels of the pluripotency markers genes, 

Oct4 and Sox2 (Figure A 14). The results showed a similar trend in the expression of 

these genes compared to that of Nanog, with higher levels of pluripotency gene 

expression in cells cultured on DMAs (200 nL) compared with that in cells cultured on 

surfaces (2 mL). Our results showing that hiPSCs grown on different surfaces express 

different levels of Nanog indicates that the maintenance of pluripotency on DMAs is 

influenced by both surface properties and confined nanoliter culturing volumes. In 

general, the pluripotency of hiPSCs cultured on DMAs in 200 nL droplets was higher 

than that of cells cultured on the same surfaces but in larger 2 mL volumes. Although 

Nanog expression was higher in cells cultured on MG+ 200 nL and MG+ 2 mL compared 

to MG- conditions, the pluripotency of hiPSCs cultured on MG- DMAs was maintained 

for 24 h, indicating that it is feasible to use DMAs without MG coating to successfully 

culture and screen hiPSCs in vitro. 
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Figure 21. Comparison of hiPSCs pluripotency for cells cultivated on different surfaces and in 

different volumes. (A) Immunofluorescence (IF) staining of hiPSCs cultivated on MG+ 

surface (MG+ 2 mL), MG+ DMA (MG+ 200 nL), MG- TA surface (MG- TA 2 mL), MG- 

TB surface (MG- TB 2 mL), MG- TA DMA (MG- TA 200 nL), MG- TB DMA (MG- 

TA 200 nL). Cells were stained with DAPI (blue) and Nanog (green) (n = 3 biological 

replicates). Scale bar: 20 μm. (B) Mean fluorescence intensity of Nanog IF staining was 

measured by ImageJ. Three images of each experimental group were randomly selected 

and analyzed. (C) Expression of the pluripotency specific gene Nanog was investigated 

by qPCR analysis of RNA isolated from cells cultured on different surfaces and 

volumes (n = 3 biological replicates). All gene expression data were normalized with 

the reference gene GAPDH and represented as mean ± SEM. *P < 0.05, significant 

differences between the 2 mL and 200 nL groups. **P < 0.01.  

In this study, I evaluated the DMA platform for culturing of hiPSC in 200-nL 

droplets for the first time. I investigated the impact of the printing process on the 

survival of hiPSCs on DMAs. I analyzed the viability, morphology and pluripotency of 

hiPSC cultured on MG- TA and MG- TB DMAs, and compared these with the properties 
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of cells cultured on MG- TA and MG- TB surfaces and on MG. I demonstrated that 

hiPSCs cultured on TA and TB surfaces and TA and TB DMAs had typical colony 

morphology and cell survival in the presence and absence of MG. Based on our results, 

I conclude that hiPSCs exhibit high viability as well as expected morphology and 

pluripotency when cultured for 24 h in 200-nL droplets on both TA and TB DMAs 

without MG coating. 

I observed that hiPSCs cultured in nanoliter droplets exhibited higher Nanog protein 

and gene expression and better maintained pluripotency compared to hiPSCs cultured 

on the same surfaces in 2 mL volumes. This observation may be accounted for by 

mechanical cues, which might contribute to the maintenance of pluripotency in a small 

volume (200 nL). It is known that multiple biophysical cues, such as mechanical forces, 

shear stress, strain forces, and other forces from the adjacent environment of cells, can 

influence the maintenance of hiPSC pluripotency (Ireland & Simmons, 2015; Keung et 

al., 2010; Sun et al., 2012b). Strain forces and frictional forces are generated 

intracellularly by cell-cell and cell-surface interactions, respectively. Shear stress, 

which is applied externally by shear or tension on the cells, is sensed by mechanically 

gated ion channels, changes in ligand-receptor binding, and deformation of the 

cytoskeleton. The cytoskeleton generates and transfers forces from membrane proteins 

to intracellular structures, such as the nucleus, via suitable cell signaling pathways. 

HiPSCs are anchorage-dependent cells expressing integrins; therefore, these cells sense 

and respond to biophysical cues via integrin signaling pathways (Vitillo & Kimber, 

2017). It has also been reported that plasma membrane tension can activate integrin 

adhesion receptors in the absence of ligand binding, suggesting that integrins can 

function as mechano-sensors independently of their role in cell adhesion (Ferraris et al., 

2014; Petridou & Skourides, 2016). Therefore, it is possible that hiPSCs cells cultured 

on DMAs in nanoliter droplets sense mechanical stimuli from the adjacent environment 

resulting in activation of integrins without any coating (such as MG or ECM proteins) 

followed by adjustment of downstream signaling pathways to maintain hiPSCs 

pluripotency.  

 There is an urgent need for well-defined, xeno-free in vitro systems for culturing of 

hiPSCs. In this study, I demonstrated that it is possible to maintain hiPSCs in their 

pluripotent state during culture on DMAs for 24 h without any additional coating. 
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DMAs can be precisely adjusted in terms of surface topography and chemical 

modification, as well as cell culture volumes, making it a well-defined and also animal 

source-free platform that is suitable for culturing hiPSCs in vitro. 

HiPSCs have become a focus of research because of their potential in regenerative 

medicine and use as a model for early toxicity and efficacy screening. In this field, there 

is still a high demand for cost- and labor-effective platforms for hiPSCs because 

existing screening methods are usually hampered by the need for large quantities of 

cells and the high cost of reagents. In addition to well-defined culturing conditions, 

DMAs enable cultivation of hiPSC in nanoliter volumes in hundreds of parallel wells, 

making it an ideal platform for HTS applications. 

To exploit the benefits of hiPSCs fully, further studies utilizing the advantages of 

DMAs are required. Examples are: 1) the generation of well-defined substrates for 

xeno-free hiPSC culture with maintained pluripotency; 2) analysis of the effects of 

small molecules or their combinations on signaling pathways, such as the Wnt signaling 

pathway, to induce or hinder hiPSCs differentiation; and 3) screening of small 

molecules favoring pluripotency of naïve hiPSCs. 
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3.3 Rapid high throughput combinatorial screening of protein coatings on 

miniaturized droplet microarray identifies novel cell culture substrates to 

maintain pluripotency of hiPSCs 

3.3.1 DMA and workflow of the screening 

The layout of DMA and the screening workflow of proteins are described in Figure 

22. The DMA is a 2.5 × 7.5 cm glass slide with a 14 × 48 array of hydrophilic spots 

with complementary superhydrophobic borders, resulting in 672 independent 1  1 mm 

square spots separated by 500 µm borders. Eleven single proteins were screened (Thy-

1, ephrin type-B receptor 4 [EphB4], ephrin type-A receptor 1 [EphA1], E-cadherin, 

coxsackie and adenovirus receptor [CAR], junctional adhesion molecule A [JAM1], 

epithelial cell adhesion molecule [EpCAM], basigin [BSG], dystroglycan [DAG1], 

hyaluronic acid [HA], and laminin 521 [LN521]), as well as their binary and ternary 

combinations (231 experimental groups in total)   (Table 16). Proteins in a 60-nL 

solution were dispensed onto individual spots of the DMA using a non-contact liquid 

dispenser (Figure A 15A). To reduce experimental error, each protein or combination 

was printed in six replicates. Then, hiPSCs were printed with 200 nL per spot and 

further cultured on DMA slides for 24 h (Figure A 15B). Cells were stained for Nanog 

(an indicator of pluripotency) by immunofluorescence staining, followed by automated 

imaging (Navarro et al., 2012). The first screen was used to identify hits on the basis of 

their ability to maintain pluripotency compared to Matrigel, which was used as a 

positive control. Selected hits were then validated for their ability to maintain the 

pluripotency markers Nanog, TRA-1-81, Oct-4A, SSEA4 Sox2, and TRA-1-60 in long-

term hiPSC culture (5 weeks). Finally, the ability of cultured cells to differentiate into 

three germ layers (ectoderm, mesoderm, and endoderm) was tested. 
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Figure 22. Schematic representation of screening workflow. Printing: 60 nL of protein solution (final 

concentration of each protein of 10 μg/mL) was printed onto each pre-determined spot and incubated at 

room temperature for 2 h. Cultivation: hiPSCs were then dispensed in a volume of 200 nL and cultured 

for 24 h before immunofluorescence staining for Nanog expression. Image analysis: mean fluorescence 

intensity of immunofluorescence staining was quantified. The primary high-throughput screening was 

done with 11 single proteins, 55 binary combinations and 165 ternary combinations; a total of 231 

screening groups. Validation: hits were selected and further validated by immunofluorescence staining 

of pluripotency markers (Nanog, TRA-1-81, Oct-4A, SSEA4 Sox2, and TRA-1-60) in hiPSCs cultured 

for 5 weeks on selected substrates. This was followed by differentiation of these cells into three germ 

layers, validated by immunofluorescence staining for germ layer markers (FOXA2, endoderm; brachyury, 

mesoderm; and β-Tubulin3, ectoderm).  
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3.3.2 Establishing a screening protocol 

HiPSCs are very sensitive to environmental stimuli, such as compression and 

shearing forces. They are also prone to cell death after dissociation (Ohgushi et al., 

2010). In regular expansion and HTS of hiPSCs, cell survival is crucial; cell toxicity is 

a major cause of failure in drug discovery and development (Beers et al., 2012). First, 

I compared the viability of hiPSCs cultured on DMA after either manual seeding or 

non-contact printing (Figure A 16). The viability of cells seeded manually or by non-

contact liquid dispenser after 24 h were 69.43 ± 5.90% and 58.28 ± 1.90%, respectively. 

 I next assessed whether the Matrigel-coated DMA could support undifferentiated 

hiPSCs, using immunofluorescence staining for the pluripotency markers Sox2, Oct-

4A, Nanog, TRA-1-60, SSEA4, and TRA-1-81. Typical immunofluorescence staining 

procedures involve washing steps, which often result in cell loss. Thus, we assessed the 

changes in cell numbers before and after immunofluorescence staining. As shown in 

Figure A 17, around 50% of hiPSCs were left in DMA spots after immunofluorescence 

staining. Average numbers of hiPSC colonies after immunofluorescence staining were 

also investigated; there were approximately seven colonies in one DMA spot, with no 

significant difference between colony numbers remaining among three biological 

repeats (Figure A 18). These results indicated the feasibility and reproducibility of the 

established protocol for immunofluorescence staining on DMA. Immunofluorescence 

staining results (Figure 23A indicated that expression of pluripotency markers in 

hiPSCs grown on DMAs was similar to that in cells cultured in multi-well plates  

(Figure A 19), demonstrating that hiPSCs cultured on DMAs retained their pluripotency 

and ability to self-renew. Next, I used phalloidin staining to visualize the typical 

cytoskeletal arrangement of hiPSCs colonies; for hiPSCs cultured on DMAs, F-actin 

cytoskeletal organization was observed (Figure A 20).  

Taking together, my results demonstrated that hiPSCs cultured on DMAs show the 

same characteristics (expression of pluripotency markers and morphology) as cells 

cultured on state-of-the-art platforms, thus the DMA platform could be used for 

culturing and screening undifferentiated hiPSCs.  

As a next step, the feasibility and robustness of utilizing the DMA platform for HTS 

of hiPSCs was assessed. Matrigel coating (MG+) was set as positive control and no 

Matrigel coating (MG–) was set as negative control. The morphology of hiPSCs in 
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positive and negative controls are shown in Figure 23B. The positive control group 

demonstrated typical hiPSC morphology, with compacted cells and distinct edges. In 

the negative control group, hiPSCs displayed poor aggregation with no distinct edges 

and compacted cells. 

 Nanog, Oct4, and Sox2 are the core transcription factors regulating pluripotency of 

stem cells. While the expression of Oct4 and Sox2 is relatively uniform, stem cells 

fluctuate between high Nanog expression and high pluripotency and low Nanog 

expression with low pluripotency Hence, Nanog expression detected by 

immunofluorescence staining was selected to be the read-out for primary screening. 

Thus, in the immunofluorescence images, higher mean fluorescence intensity of cells 

indicates higher self-renewal than in lower mean fluorescence intensities. Figure 23C 

show a significant difference in mean fluorescence intensity for Nanog expression in 

positive and negative controls. 

 Then, I employed the screening window coefficient, Z-factor (Z’), to evaluate the 

quality of the primary HTS assay (Zhang et al., 1999). I calculated the Z’ for the assay 

from three biological replicates as the following formula:  

Z′ = 1 −  
(3𝜎c+ +  3𝜎c−)

|𝜇c+ −  𝜇c−|
 

in which σc+ represents standard deviation (SD) of the positive control, σc- 

represents SD of the negative control, μc+ and μc- indicate the means of positive control 

and negative control signals, respectively. The value of Z’ was 0.64 (Figure 23D), 

indicating an excellent assay according to classification of screening assay quality 

(Zhang et al., 1999).  

Along with various transcription factors, E-cadherin is important for establishing 

and maintaining stem cell pluripotency and their ability to self-renew via cell–cell 

adhesions (Narva et al., 2017). Hence, E-cadherin is widely used as a marker for 

undifferentiated stem cells (Watanabe et al., 2007). Therefore, I investigated E-

cadherin expression in hiPSCs in both the positive and negative controls (Figure 23E). 

High E-cadherin expression was observed in positive controls, while low-to-no E-

cadherin expression was observed in negative controls. The mean E-cadherin 
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fluorescence intensity of negative controls was 17.01 ± 7.84% of that of positive 

controls (Figure A 21). 

 

Figure 23. Validation of screening protocol. (A) Representative confocal laser scanning microscope 

(CLSM) images of hiPSCs cultivated on DMA coated with Matrigel stained for six pluripotency markers: 

Sox2, Oct-4A, Nanog, green fluorescence; TRA-1-60, SSEA4, TRA-1-81, red fluorescence. Three 

independent experiments were conducted (n = 3), obtaining comparable results. DAPI was used to 

counterstain nuclei. Scale bar: 50 μm. (B) Bright-field images of hiPSCs cultivated on positive (Matrigel, 

MG+) and negative (no Matrigel, MG–) controls. Scale bar: 100 μm. (C) Nanog expression level was 

used as a read out for the primary screening. Immunofluorescence staining was carried out on DMA 

followed by automated microscopy. Scale bar: 50 μm. (D) Quantification of mean fluorescence intensity 

of hiPSCs cultured on positive and negative controls and stained for the pluripotency marker Nanog. The 

graph shows a large separation band between signal detected from positive and negative controls (Zʹ 

value is between 0.5 and 1, corresponding to a high-quality screening assay). (E) Representative CLSM 

images of E-cadherin expression in hiPSCs cultured on positive and negative control coatings. E-

cadherin mediates cell–cell interactions and contributes to stem cell colony formation and pluripotency. 
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Thus, on the positive control coating, undifferentiated hiPSCs show high expression of E-cadherin, while 

differentiated hiPSCs on the negative control coating show low-to-no E-cadherin expression. DAPI was 

used to counterstain nuclei. Scale bar: 50 μm.  

Table 16. The list of proteins used in this study with their corresponding structures and PDB codes 

Proteins Descriptions Structures PDB codes 

Thy-1 
(CD90) 

Glycophosphatidylinositol (GPI) 
anchored conserved cell surface 
protein, combinatorial surface 
marker for stem cells 

 

Modeling by 

SWISS-MODEL 

with ProMod3 

3.0.0 

Ephrin type-
B receptor 4 
(EphB4) 

Membrane-bound protein, binding 
and activation of Eph/ephrin 
intracellular signaling pathways, 
involved in the regulation of cell 
adhesion and migration 

 

6fnm (Troster 
et al., 2018) 

Ephrin type-
A receptor 1 
(EphA1) 

Membrane-bound protein, binding 
and activation of Eph/ephrin 
intracellular signaling pathways, 
regulates cell proliferation 

 

3hil (Walker, 
2009) 

E-cadherin 

Calcium-dependent cell-cell 
adhesion glycoprotein composed of 
five extracellular cadherin repeats, 
a transmembrane region, and a 
highly conserved cytoplasmic tail 

 

2O72 
(Parisini et 
al., 2007) 

Coxsackie 
and 
adenovirus 
receptor 
(CAR) 

Transmembrane bound protein 
with two Ig-like extracellular 
domains, a transmembrane domain, 
a cytoplasmic domain and two N-
linked glycosylation sites, may 
function as a cell adhesion 
molecule 

 

1f5w (van 
Raaij et al., 
2001) 

Junctional 
adhesion 
molecule A 
(JAM1) 

Junctional adhesion molecule 
transmembrane protein family 
member, receptor of CAR 

 

1nbq (Prota et 
al., 2003) 

Epithelial 
cell 
adhesion 
molecule 
(EpCAM) 

Transmembrane glycoprotein 
involved in cell signaling, 
migration, proliferation and 
differentiation, plays a role in 
embryonic stem cells proliferation 
and differentiation 

 

4mzv (Pavsic 
et al., 2014) 
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Basigin 
(BSG) 

Member of the immunoglobulin 
superfamily, plays fundamental 
roles in intercellular recognition 
involved in various immunologic 
phenomena, differentiation, and 
development 

 

3b5h (Yu et 
al., 2008) 

Dystroglyca
n (DAG1) 

Transmembrane linkage between 
the extracellular matrix and the 
cytoskeleton, involved in a number 
of processes including laminin and 
basement membrane assembly 

 

5llk 
(Covaceuszac
h et al., 2017) 

Hyaluronic 
acid 

One of the chief components of the 
extracellular matrix, contributes to 
cell proliferation and migration 

 

1poz (Teriete 
et al., 2004) 

Laminin 
521 

A component of the extracellular 
matrix, used to enhance pluripotent 
stem cell culture 

 

5xau 
(Takizawa et 
al., 2017) 

    

 

Table 17. Comparison of reagent, cell consumption, and estimated cost for the screening performed 

on DMAs, 384- and 96-well plates. 

 DMA 384-well plates 96-well plates 

Volume of proteins (mL) ~0.08 ~13.9 ~69.3 

Amounts of proteins (μg) ~0.8 ~139 ~693 

Numbers of cells ~2.8 × 105 ~3.1 × 106 ~6.9 × 106 

Volumes of medium (mL) ~0.28 ~27.7 ~231.6 

Estimated costs of proteins ($) ~170 ~4000 ~14300 

 

Sheet Helix Loop 



3 Results and discussion 

100 

 

3.3.3 Primary screening 

For the primary screening, hiPSCs were cultured on coatings created from 231 

protein groups (11 single proteins [Figure 24A], 55 binary combinations of proteins, 

and 165 ternary combinations of these proteins). The final concentration for each 

protein/group was 10 μg/mL, and culture took place over 24 hours. Cells were then 

subjected to immunofluorescence staining for the pluripotency marker Nanog, followed 

by automated fluorescent microscope imaging and image analysis. The main aim here 

was to search for proteins maintaining the pluripotency of hiPSCs (Table 13, 14, and 

16).  

In total, only 0.083 mL of protein solution (8.3 µg protein), ~2.8 × 105 cells and 

~0.28 mL of cell culture medium were required for the whole primary screening using 

a DMA. This resulted in decreased consumption of proteins and cell suspensions by 

668 and 500-fold, respectively, versus HTS conducted in conventional 96-well plates. 

This approach therefore suggests considerably reduced costs are possible for hiPSC 

expansion and large-scale protein production (Table 17). The mean fluorescence 

intensity representing Nanog expression level in hiPSCs cultured on each protein 

coating was then analyzed and normalized against the intensity of cells cultured on 

positive control coatings (MG+ spots). Figure 24B presents a schematic of the protein 

combinations used in the experiment (A–K), and a heat map representing the ratio of 

Nanog expression of hiPSCs grown on different experimental protein groups versus 

cells grown on a positive control coating. In the heat map, red indicates lower Nanog 

expression (cells are less pluripotent) and green represents higher Nanog expression 

(cells are more pluripotent) compared with its expression level in cells cultured on the 

positive control coating (MG+). The threshold of mean + 3 SD (1.00 + 0.57) compared 

with positive control (MG+) was established to identify positive hits showing 

significantly increased Nanog expression in hiPSCs (Malo et al., 2006). The 10 top 

protein groups were identified (Figure 24C and 24D, a detailed description of these is 

presented in Figure A 22. In Figure 24C, the green, red, and violet columns indicate 

relative Nanog expression level in hiPSCs cultured on positive (MG+) and negative 

(MG–) control coatings, and hits in the primary screening, respectively. The fold 

changes of experimental groups versus MG ranged from 0.22 (red) to 2.18 (green). Two 

protein groups that promoted the highest increase in Nanog expression in hiPSCs were 
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BIK and GHK, with fold changes of 2.18  0.32 and 2.00  0.22, respectively (Figure 

24B and 24D).  

EphB4 (B) belongs to Eph receptor tyrosine kinase, which promiscuously binds 

transmembrane ephrin-B family ligands residing on adjacent cells and mediates cell–

cell interactions (Liu et al., 2017). EphB4 contributes to tumor malignancy and 

regulates the development of various tumors. EphB4 can also promote the self-renewal 

and proliferation of human neural stem cells. However, little is known about the role of 

EphB4 in the maintenance of pluripotency in hiPSCs. DAG1 (I) is a heavily 

glycosylated protein that is strongly expressed in hiPSCs (Sugawara et al., 2019). It can 

interact not only with laminin to mediate cell–ECM interactions, but also participates 

in direct out–in signaling, together with integrins. Thus, it might contribute to the 

adhesion of hiPSCs to culture substrates. EpCAM (G) is a transmembrane glycoprotein, 

which mediates cell–cell interactions via cadherins linking the cytoskeleton. It is a 

surface marker on undifferentiated hESCs (Ng et al., 2010). Reducing EpCAM 

expression decreased the proliferation of hESCs and expression of other pluripotency 

markers. EpCAM might regulate the pluripotency of hiPSCs. BSG (H) is a member of 

the immunoglobulin superfamily, which is involved in reproduction, neural function, 

inflammation and tumor invasion (Muramatsu & Miyauchi, 2003). It is a cell surface 

marker that is consistently upregulated in early and late passages of hiPSCs (Pripuzova 

et al., 2015). Thus, I hypothesized that BSG might be involved in maintaining the 

pluripotency of hiPSCs. Laminins (LNs) are well-known ECM proteins, which 

contribute to ECM structure and have effects on cell adhesion, differentiation, 

migration, and other cell behaviors (Domogatskaya et al., 2012). LN 511 enables self-

renewal of mouse ESCs, and its E8 fragment efficiently supports the adhesion and 

expansion of hiPSCs (Miyazaki et al., 2013). Besides, -5 LN was shown to promote 

self-renewal of hiPSCs (Laperle et al., 2015). Furthermore, -5 LN promotes the self-

renewal of hiPSCs. Hence, I selected LN 521 as a candidate for maintaining the 

pluripotency of hiPSCs. 

 Results of our primary screening showed that single proteins did not promote 

significantly higher Nanog expression in hiPSCs than the MG coating. However, 

protein combinations, especially ternary protein groups, promoted significantly higher 
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pluripotency marker expression in hiPSCs than cells cultured on the MG coating 

(Figure 24D). 

 

Figure 24. Results of primary screening. (A) List of proteins and their corresponding letter codes used 

in the screening. (B) Heat map demonstrating the fold change of Nanog expression in hiPSCs cultured 

on coatings containing single proteins and protein combinations. Six replicates were used for each 

independent array experiment. The mean fluorescent intensity of Nanog expression of each independent 

group was normalized against expression level of Nanog in cells cultured on Matrigel (MG) coating 

(positive control). Green indicates high Nanog expression level (higher capacity for self-renewal) and 

red indicates low Nanog expression (lower capacity for self-renewal) than marker expression levels in 

cells cultured on a positive control (MG+) coating. (C) Graph showing relative Nanog expression of all 

tested protein groups in the screening. The threshold for protein coating promoting significant change in 

Nanog expression was set as mean + 3 SD. Red column indicates negative control (non-coated, MG–), 
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green column indicates positive control (MG-coated, MG+), and violet columns show positive hits. (D) 

The list of top 10 positive hits identified in the primary screening.  

3.3.4 Validation of hits from primary screening 

To identify the most effective proteins for the maintenance of pluripotency of 

hiPSCs in longer term in vitro culture, two protein combinations (BIK and GHK) were 

selected for further validation. BIK and GHK were coated onto 12-well plates at room 

temperature for 2 h, then the solution was aspirated before adding hiPSCs. These two 

protein combinations could facilitate attachment of hiPSCs in in vitro culture for up to 

4 days – similar to MG (Figure 25A). On day 1, compared with MG (set as 100%), the 

attachment efficiencies of BIK and GHK were 94.76 ± 3.44% and 95.84 ± 9.78%, 

respectively. Over the following three days, BIK showed high attachment efficiency 

for day 2 (92.59 ± 6.00%), day 3 (84.15 ± 9.16%), and day 4 (79.13 ± 12.57%). GHK 

showed similar attachment efficiency for day 2 (91.14 ± 12.67%), day 3 (79.81 ± 

6.84%), and day 4 (78.48 ± 1.91%). In comparison, non-coated well plates did not 

facilitate the attachment of hiPSCs. These results demonstrate that BIK and GHK can 

facilitate the attachment of hiPSCs in culture to a similar extent as Matrigel. Over five 

generations, hiPSCs cultured on BIK and GHK displayed typical hiPSC colony 

morphology (Figure A 23) and comparable levels of pluripotency marker (Nanog and 

TRA-1-81) expression to cells cultured on Matrigel (Figure 25B and A 24-26).  

To further validate the pluripotency of hiPSCs grown on BIK and GHK coatings, 

the expression of pluripotency markers was investigated by immunofluorescence 

staining and quantitative PCR (qPCR) analysis over five generations. HiPSCs cultured 

on BIK and GHK-coated surfaces stained positive for Nanog, Oct-4A, Sox2, TRA-1-

81, SSEA4, and TRA-1-60, similar to cells cultured on Matrigel (Figure 25C). This 

demonstrates that, like Matrigel, BIK and GHK coatings can also support the long-term 

expansion of hiPSCs and maintain their pluripotency.  

To investigate the level of pluripotency marker expression at the generation level, 

qPCR analysis for Nanog, Oct4, and Sox2 was conducted. The gene expression of target 

pluripotency genes (Nanog, Oct4, and Sox2) was normalized against the expression 

level of GAPDH, and expression levels of pluripotency genes in hiPSCs cultured on 

BIK and GHK coatings were further normalized against expression levels of these 
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genes in cells grown on Matrigel (Figure 25D In hiPSCs cultured on Matrigel, BIK and 

GHK coatings, gene expression levels of Nanog, Oct4, and Sox2 were 1.00 ± 0.05, 1.00 

± 0.04, 1.00 ± 0.25; 1.04 ± 0.14, 0.99 ± 0.07, 1.01 ± 0.03; and 1.05 ± 0.14, 1.07 ± 0.22, 

and 1.05 ± 0.09, respectively (Figure 4D). The qPCR results demonstrated that hiPSCs 

cultured on BIK and GHK-coated surfaces expressed pluripotency marker genes at 

similar levels to those in cells cultured on Matrigel. Taken together, our results 

demonstrated that hiPSCs grown on BIK and GHK surfaces sufficiently support self-

renewal and pluripotency of hiPSCs in feeder-free conditions. 

A unique characteristic of hiPSCs is their ability to form an embryoid body (EB) and 

differentiate into three germ layers (pluripotency). Therefore, for cells cultured in vitro 

on BIK and GHK-coated surfaces, we investigated EB formation and the differentiation 

of three germ layers, according to a previously described method (Figure 25E) 

(Kurosawa, 2007). Briefly, hiPSCs grown on BIK and GHK-coated surfaces were 

dissociated after five generations and seeded in 20 µL hanging droplets on the lid of a 

Petri dish. Two days later, EBs were transferred onto gelatin-coated coverslips in 12-

well plates to induce spontaneous differentiation into three germ layers (endoderm, 

mesoderm, and ectoderm) and cultured for 14 days. Then, the three germ layers were 

stained for specific markers (endoderm, FOXA2; mesoderm, brachyury; and ectoderm, 

β-Tubulin3). Cells originated from hiPSCs cultured on BIK and GHK-coated surfaces 

showed similar expression of three germ layer markers to those of cells obtained from 

Matrigel-coated surfaces (Figure 25F). Cells cultured on non-coated surface did not 

express the three germ layers markers. These results demonstrate that BIK and GHK 

coatings are sufficient and effective in maintaining pluripotency and the differentiation 

capacity of hiPSCs, as confirmed by estimating cell attachment, expression of 

pluripotency markers (Nanog, Oct4, and Sox2) in long-term culture over five 

generations, formation of EBs, and differentiation into three germ layers. 
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Figure 25. Validation of two hits from the primary screening by long-term culture and three germ 

layer differentiation. (A) Colony attachment efficiency of hiPSCs on non-coated 12-well plates, 

Matrigel (MG)-coated 12-well plates, and BIK and GHK-coated 12-well plates for 4 days. BIK and GHK 

were identified from the primary screening as showing higher Nanog expression. (B) Maintenance of 

pluripotency of hiPSCs on MG, BIK and GHK coatings for long-term culture (five generations, P1–P5) 

was estimated by immunofluorescence staining of Nanog (green) and TRA-1-81 (red). DAPI was used 

to counterstain nuclei. Scale bar: 50 μm. (C) Immunofluorescence images of hiPSCs cultured on MG, 

BIK and GHK coatings and stained for six pluripotency markers (Nanog, Oct-4A, Sox2, green 

fluorescence; TRA-1-81, SSEA4, TRA-1-60, red fluorescence). Scale bar: 50 μm. (D) qPCR profiling 

of pluripotency marker genes (Nanog, Oct4, and Sox2) of hiPSCs grown on MG, BIK and GHK-coated 

well plates for five generations (n=3, biological replicates). Gene expression data were normalized 

against a reference gene GAPDH. In hiPSCs cultured on BIK and GHK coatings, the gene expression 
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level was normalized against that of cells grown on MG. Data represented as mean ± SEM. (E) Schematic 

diagram of the differentiation of hiPSCs into three germ layers. (F) Immunofluorescence staining for 

markers of three germ layers FOXA2 (endoderm), brachyury (mesoderm), and β-Tubulin3 (ectoderm) in 

hiPSCs cultured on non-coated surface (NC), MG, BIK and GHK. Scale bar: 50 μm. 

HiPSCs are subjected to cell culture substrates change since they do not attach to 

normal glass, plastic cell culture labware, plastics, or agars, which are conventionally 

used for general cell culture. It is well established that proliferation and maintenance of 

pluripotency of hiPSCs is mainly dependent on cell culture substrates and the early 

methods used for hiPSCs culture on feeder cells and Matrigel. However, the 

involvement of animal-derived materials has xenogenic, undefined, and possess 

significant safety concerns which hinder their potential and application in clinical. As 

a result, most studies have focused on developing well-defined and xeno-free 

synthesized and natural cell culture substrates for hiPSCs. Some of previously attempts 

to define optimal culture substrates for hiPSCs were made with stochastic combinations 

of a few proteins, which lacks of complexity. Thus, complex and systematic 

experiments are required to study the full extent of proteins and their interactions in 

vitro. However, one of the bottlenecks for these studies is lacking of complexity due to 

the high-costs for cell sources, proteins. Toward this end, I developed a combinatorial 

protein microarray platform to assess how protein composition influence cell behavior.  

The majority of cell culture substrates screening focus on ECM proteins via cell-

ECM interactions. However, surface proteins of hiPSCs, such as EpCAM, also 

participate in maintenance of pluripotency of hiPSCs via cell-cell interactions. Thus, I 

systematically screened eleven proteins in a combinatorial manner that my potentially 

influence pluripotency of hiPSCs. From the primary screening, I identified ten protein 

coatings that could maintain pluripotency of hiPSCs for 24 h. The eleven single proteins 

did not show higher pluripotency marker expression than that of combinations. These 

ten hits are all ternary combinations of proteins and for each group both ECM proteins 

and surface proteins are involved. Of all these ten hits, I selected two groups for 

validation. I then demonstrated these two coatings were able to maintain the 

pluripotency of hiPSCs grown on these substrates for long-term. Furthermore, the 

differentiation ability of hiPSCs were verified by three-germ layers differentiation. 

Several studies have utilized array-based systems to screen factors that might influence 

cell fate. However, these research require pre-coating or immersing into media which 
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might lead to crosstalk and cause false positive results. The combinatorial screening 

here distinguishes itself in three major ways. First of all, a combinatorial microarray of 

multiple proteins (ECM proteins and surface proteins) could be fabricated in a 

nanoscale volume while previous studies mainly focused on ECM proteins. The second 

is the coating of proteins instead of covalently linking. Previous study showed that 

cross-linking of Wnt3a protein produced an inactive protein (Brafman et al., 2009). In 

this study, proteins were printed onto DMA spots and coated them without any further 

manipulation, which might maintain maximal biological activity of proteins. The third 

is the existence of superhydrophobic borders that prevents the diffusion of protein 

solutions, which prevent crosstalk among spots.  
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4 Summary and Outlook 

4.1 Summary 

It is hypothesized that by treating cells with small molecules, the transfection 

efficiency can be improved. However, in order to identify such transfection-enhancing 

molecules, thousands of molecules must be tested. Current high-throughput screening 

technologies based on microtiter plates are not suitable for such screenings due to the 

prohibitively high costs of reagents and operation. Therefore, in the first part of my 

thesis, I systematically screened the effect of 774 Food and Drug Administration‐

approved drugs and their concentrations on transfection efficiency in three different cell 

types on a miniaturized droplet microarray platform. Based on the primary screening, 

14 hit compounds were selected and further evaluated and validated on the droplet 

microarray platform as well as both in 384‐ and 96‐well plates. Several compounds 

(auranofin, carbidopa, captopril, hydrocortisone acetate, ifosfamide, indapamide, 

oxacillin sodium salt monohydrate, methylprednisolone, naphazoline·HCl, rifampin, 

oxiconazole nitrate, piroxicam, tranylcypromine hemisulfate, and rivastigmine tartrate) 

demonstrated up to fivefold increase of transfection efficiency, which can be important 

for further fundamental research projects such as gene therapy but also for the 

production of therapeutically relevant proteins. The results also demonstrate the power 

of the droplet microarray platform in miniaturized high‐throughput experiments. In this 

study, I performed in total around 42,000 individual experiments using 20 nL droplets, 

which resulted in only 0.84 mL of total cell suspension and required only 200 pmoles 

of drugs (total 0.02 moles). This is 2,500 times smaller than if the same experiment 

would have to be performed in 384‐well plates. Combining high-throughput droplet 

microarray platform and pharmacological priming (drug repurposing) approach may 

have valuable applications in biology, drug discovery and other related fields.  

In vitro culture and expansion of human induced pluripotency stem cells (hiPSCs) 

is considered technically difficult since the self-renewal and differentiation of these 

cells is extremely sensitive and responsive to cell culture substrates. It has been shown 

that surface properties, such as topography, have an impact on hiPSC pluripotency, self-

renewal and differentiation. Moreover, stemness has been reported to be dependent on 

droplet volumes. In the second part of my thesis, culturing of hiPSCs in 200-nL droplets 
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on droplet microarray platform was evaluated for the first time. I have investigated the 

impact of printing process on survival of hiPSCs on droplet microarray slides. The cell 

viability, morphology and pluripotency of hiPSCs cultured on type A and type B droplet 

microarrays without Matrigel coating were investigated. These results were compared 

with those of cells cultured on type A and type B surfaces without Matrigel coating and 

with Matrigel coating conditions. The results demonstrated that hiPSCs cultured on 

type A and type B droplet microarray slides had typical colony morphology and cell 

survival in the presence and absence of Matrigel. Based on the results, it can be 

concluded that hiPSCs exhibited high viability, expected morphology and pluripotency 

in 200-nL droplets on both type A and type B droplet microarray slides without 

Matrigel coating for 24 h of culture.  

HiPSCs have been attractive hotspots for researchers because they hold the potential 

in regenerative medicine and could be used as a model for early toxicity and efficacy 

screening. In this field, there are still a great deal of demands for cost- and labor-

effective platforms for hiPSCs because existing screening methods are usually 

hampered by the need of large quantity of cells and high costs of reagents. In addition 

to well-defined culturing conditions droplet microarray platform enables culturing of 

hiPSCs in nanoliter volumes in hundreds of parallel wells, making it an ideal platform 

for high-throughput screening applications of hiPSCs. 

Animal derived materials are typically used for in vitro culture of hiPSCs, which 

hinders their clinical application. Proteins have emerged as powerful candidates for 

hiPSC culture. In the third part of my thesis, the droplet microarray platform was 

exploited for combinatorial protein screening in order to identify proteins that are able 

to maintain pluripotency of hiPSCs. With this screening, ten groups of ternary protein 

combinations, which can sufficiently support self-renewal and proliferation of hiPSCs 

better than Matrigel, were identified. Two of them were further validated for long-term 

(five weeks) culture of hiPSCs grown on these protein coatings. Additionally, embryoid 

body formation and differentiation of hiPSCs into three germ layers were achieved. The 

results demonstrated that droplet microarray platform and the high-throughput 

screening approach were efficient for hiPSCs-based high-throughput screening, which 

could be further expanded to investigate more complicated interactions of cells with 

their ambient environment. In addition, the identified protein coatings could carry the 
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potential for xeno-free expansion of hiPSCs, which hold tremendous potential for 

hiPSCs research ranging from fundamental biology to clinical applications.  

4.2 Outlook 

In the first part, I tested the cells treated with compounds after mixing with 

transfection mixture. Other possibilities exist to broaden the applications of 

pharmacological priming. First of all, the influence of cells treatment before and during 

mixing with transfection mixture can be investigated. By adding compounds at different 

stages (before, during, and after mixing with transfection mixture), researchers could 

compare difference of cellular processes of transfection. The second possibility is the 

testing various drug libraries. There are various types of compound libraries available, 

which could be further tested for specific drug repurposing. Except for these 

comprehensive libraries, specific libraries such as kinase inhibitor library, epigenetics 

compound library, and inhibitor library are also of great importance and being used in 

oncology, metabolism, and antivirus fields. By combing the miniaturized droplet 

microarray platform and these libraries, more biological questions can be answered and 

more drugs can be repurposed for other applications. The third possibility is the 

investigation of influence of small molecules on cell transfection barriers. As I 

mentioned before, cellular uptake, endosome escape, cell nuclear localization, and 

transcriptional and translational regulation are the main rate determining steps for 

transfection. Utilizing other technologies and methods could help us have a better 

understanding of the impact of small molecules on each step. For instance, a 

fluorescently labeled pDNA or nanoparticles could be primed with small molecules and 

then investigated the cellular uptake rate by flow cytometry or fluorescence microscopy, 

followed by endosome and cell nuclear colocalization assessment. As for protein 

expression, a wildly used method - luciferase assay – could be applied to identify the 

small molecules that increase the expression levels of recombinant proteins. 

The derivation of mouse epiblast stem cells clarified that pluripotency contain two 

developmental stages. Specifically, mouse embryonic stem cells derived from 

preimplantation inner cell mass represent the “naive” stage and mouse epiblast stem 

cells derived from the post-implantation epiblast represent the “primed” stage (Nichols 

& Smith, 2009). Primed human induced pluripotent stem cells form flattened colonies, 
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whereas naïve Primed human induced pluripotent stem cells form dome-like 3D 

colonies. Conventional human induced pluripotent stem cells represent primed state. It 

will be interesting to test the effect of different proteins on induction and maintenance 

of pluripotency of naïve human induced pluripotent stem cells. Droplet microarray 

platform then can be used as a high-throughput screening platform for testing and 

screening molecules (small molecules and proteins) that induce and maintain 

pluripotency of naïve human induced pluripotent stem cells. The proteins I identified 

in the third part of my thesis could also be further tested for their influence on induction 

and maintenance of pluripotency of naïve human induced pluripotent stem cells.  

Using the protein coatings markedly supports human induced pluripotent stem cells 

maintaining in an undifferentiated state. However, the use of these protein coatings is 

time, labor, and cost-consuming due to the pre-coating of these proteins required before 

cell seeding. Thus, there is increasing interest in coating-free culture or use of proteins 

as additives in solution for the culture of human induced pluripotent stem cells. Coating 

free means directly adding proteins to the cell suspension, thereby omitting the 

precoating procedure of cell culture vessels and might be adequate for subculture of 

hiPSCs. Recent case reported by Miyazaki et al. also supported that comparable 

efficacy at lower amount of the substrate than the precoating preparation of cell culture 

vessels (Miyazaki et al., 2017). Thus, the proteins that I have identified could also have 

the potential to support long-term maintenance of hiPSCs in a more efficient, less costly, 

time- and labor-saving way. For testing this hypothesis, cell dissociating methods, 

protein concentrations (certain concentrations of proteins per unit area or certain 

concentrations of proteins per unit volume), cell culture time, and cell seeding density 

should be carefully investigated and verified.  

Droplet microarray platform offers a miniaturized and high-throughput screening 

platform that can be used in various life science research fields such as anticancer 

screening, transfection enhancer screening, human induced pluripotent stem cells-based 

screening, embryoid body screening, and combinatorial materials screening. With the 

rapid change of world situation and the speedy development of technologies, more 

attractive and interesting applications of droplet microarray platform are anticipated to 

answer a wide range of biological questions.  
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The COVID-19 disease has spread worldwide, leading to an ongoing pandemic. The 

life of all the people including me is strongly influenced by this disease. There are four 

main diagnostic methods nowadays available for COVID-19, including nuclei acid test, 

chest CT scans, serological tests, and antigen test. Antigen test is fast but with low 

sensitivity and accuracy, while nuclei acid test, chest CT scans and serological test are 

more sensitive but they are time- and cost-consuming. Thus, a rapid and high-

throughput detection platform with high accuracy and sensitivity is of importance for 

COVID-19 detection. Since our laboratory has already shown droplet microarray 

platform could achieve simultaneous detection of HIV-1 and HIV-2 nucleic acids with 

a limit of detection of 50 pM, I could hypothesize that droplet microarray platform 

might be used as a rapid, time- and cost-saving, and high-throughput detection platform 

for COVID19 detection. In addition, utilizing the same mechanism as pregnancy test 

kit (immune colloidal gold technique), rapid visual diagnosis can be easily achieved on 

droplet microarray platform. Antibodies labeled with colloidal gold particles might be 

possible to modified on spots of droplet microarray slides and testing samples could be 

further added to run the test in a nanoscale and rapid high-throughput manner. As for 

the readout, a document scanner could be used for scanning the color change of each 

individual spots and then an analyzing program should be further introduced to analyze 

it. However, since cell phone is an indispensable part of modern life, a more rapid and 

intelligent method is using the camera of the cell phone. Taking a picture by a cell 

phone of the test and then import this picture into a well-established cell phone 

application. By the automatic analysis function of the application, the results then could 

be presented in a direct and visual manner. For achieving this, more communication 

and collaboration must be done including computational science, artificial intelligence, 

biology, and materials science.  

The second promising application of droplet microarray platform is 3D cellular 

culture. Two approaches of 3D cell culture have emerged over the last several decades: 

organoid technology and organ-on-a-chip technology. 3D cellular models offer greater 

predictivity of gene and protein expression, metabolic function, and physiological and 

functional readouts than 2D cell culture models. By deducing culture conditions of 

human induced pluripotent stem cells, multicellular organoids could be obtained. 

Current organ-on-a-chip approaches mainly rely on combining different differentiated 

cells to emulate the native tissue composition. Since I have successfully demonstrated 



4 Summary and Outlook 

113 

 

the culture of human induced pluripotent stem cells on droplet microarray platform, 

droplet microarray platform could be used as 3D cell culture platform by directed 

differentiation of human induced pluripotent stem cells and controlled assembly of cells 

to form organoid-on-a-chip and organ-on-a-chip with precise initial size, composition 

and spatial organization.  

There are other attractive topics in the field of droplet microarray platform based on 

the research, such as combining human induced pluripotent stem cells with new and 

powerful genome editing and spatiotemporal control of gene expression 

(CRISPR/Cas9), chemically programmed tissue assembly, and 3D bioprinting. 

Integrated approaches including techniques mentioned above but not limited to them 

will provide crucial insight into further research in pharmacology, human development, 

disease, and other related fields. 
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5 Appendix 

5.1 High-throughput screening of cell transfection enhancers using miniaturized 

droplet microarray 

 

Figure A 1. Schematic showing the process of transfection mixture preparation and subsequently 

printed on DMA. Briefly, a certain amount of ScreenFect®A transfection reagent was diluted in 10 μL 

ScreenFect dilution buffer and a certain of GFP plasmid DNA was diluted in 10 μL ScreenFect dilution 

buffer, prior to combining and mixing them thoroughly by slight pipetting. The mixture was then 

incubated at RT for 20 min to allow the formation of transfection complex, followed by cell suspension 

introducing and mixing. Then the transfection mixture was printed onto each individual spot on DMA 

slides at the volume of 20 nL and 100 nL for 500 μm and 1mm DMA, respectively.  
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Figure A 2. Cell distribution after printing on three fields of DMA. The distribution of printed cells 

was plotted in Excel program by using Poisson function.  
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Figure A 3. Primary transfection enhancer screening results of Jurkat cells. Impact of FDA-

approved drugs on transfection efficiency of CHO-K1 cells. (A) Heatmaps showed the impact of FDA-

approved drugs on Jurkat cells at three concentrations (1, 10, and 30 μM). The heatmaps were generated 

according to the quantified relative transfection efficiency data, which was obtained from in total 20,898 

individual experiments (three technical repeats and three biological repeats). The three heatmaps were 

sorted altogether by enhancement level of gene transfection compared to positive (drug-free) control. 

The blue patch and red patch represented a decrease and increase compared to drug-free control (white 

patch at the upper left corner), respectively. (B) Principal component analysis (PCA) graph showed 
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overview of impact of FDA-approved drugs on transfection efficiency of Jurkat cells. Numbers 

accompanied with each dot represented drugs in the FDA-approved library.  

 

Figure A 4. Primary screening: fourteen hit compounds on CHO-K1 transfection. The relative 

transfection enhancement results of the 14 hit compounds at three concentrations (1, 10 and 30 μM) from 

the primary screening results of CHO-K1 cells. The relative transfection enhancement expressed as ratios 
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of GFP positive cell numbers for each drug over the mean GFP positive cell numbers of drug-free control. 

Data were presented as mean  SD of three biological experiments with three technical repeats each time.   

 

Table A 1. Hit compounds selected from primary screening of Jurkat cells. Two selected hits are 

selected for the secondary screening for Jurkat suspension cells and tabulated along with compound 

names, known therapeutic effects and structures. 

Compound Therapeutic effect Structure 

Carvedilol 
Inhibitor of beta 

adrenoceptors 

 

Nitrofurantoin 

Inhibitor of the citric acid 

cycle as well as synthesis of 

DNA, RNA, and protein  

 

 

Figure A 5. Secondary screening results of impact of two hit compounds on Jurkat transfection. 

Jurkat cells were cultured in presence of respective compounds in concentrations varying from 1 to 40 

μM on 1 mm DMA for 24 h. Cells were then stained with Hoechst 33342 (33.3 μg/mL) to visualize cell 

nucleus and PI (6.7 μg/mL) to distinguish dead cells. DMA was then placed in a petri cell culture 

incubator for 15 minutes. Images of spots were taken using the Olympus IX81 inverted motorized 

microscope. The number of GFP positive, Hoechst 33342 and PI positive cells were counted using 

ImageJ. Cell viability was calculated as following equation: Cell viability (%) = 1 - (PI positive cell 

numbers/Hoechst positive cell numbers) ×100. The transfection efficiency was calculated as the 
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following equation: Transfection efficiency (%) = (GFP positive cell numbers/Hoechst positive cell 

numbers) ×100. Data were presented as mean  SD of three biological experiments with ten technical 

repeats each time.  

 

 

Figure A 6. Impact of fourteen hit compounds on HEK293T cell transfection on 1 mm DMA. 

Fourteen hit compounds (auranofin, captopril, carbidopa, hydrocortisone acetate, ifosfamide, 

indapamide, methylprednisolone, naphazoline·HCl, oxacillin sodium salt monohydrate, oxiconazole 

nitrate, piroxicam, rifampin, rivastigmine tartrate and tranylcypromine hemisulfate) were printed on 

DMA at diverse volumes. HEK293T cells were then cultured in the presence of each compounds in 

concentration varying from 1 to 40 μM on DMA for 24 h. Then the cells were stained by Hoechst 33342 
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and PI to visualize cell nuclear and dead cells, respectively. Graphs presented transfection efficiency and 

cell viability. Data were presented as mean ± SD of three biological experiments with ten technical 

repeats each time.  

   

Table A 2. Most effective concentration of hit compounds in secondary screening on 1 mm DMA 

Compound Most effective concentration (μM) 

Auranofin 1 

Captopril 5 

Carbidopa 5 

Hydrocortisone acetate 5 

Ifosfamide 10 

Indapamide 10 

Methylprednisolone 5 

Naphazoline·HCl 10 

Oxacillin sodium salt monohydrate 5 

Oxiconazole nitrate 5 

Piroxicam 40 

Rifampin 5 

Rivastigmine tartrate 10 

Tranylcypromine hemisulfate 40 
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Figure A 7. Impact of fourteen hit compounds on transfection of HEK293T cells on two platforms. 

HEK293T cells were cultured in the presence of fourteen hit compounds under their most effective 

concentration (A) on DMA and (B) in 384-well plates in all three analyzed replicates. Transfection 

efficiency in every image taken/per spot (per well) is shown separately. The different shapes indicate 

individual replicates (replicate 1- square, replicate 2-circle and replicate 3- triangle). Optimal 

concentrations were used for each drug (see Table A2). The transfection complexes were prepared with 

0.017 μL ScreenFect®A in 10 μL ScreenFect dilution buffer, followed by diluting a total of 17 ng GFP 

plasmid DNA in dilution buffer to a final volume of 10 μL (ratio of the ScreenFect®A-to-plasmid DNA 

is 1:1). Then 80 μL fresh cell suspension at a concentration of 7.13×104 cells/mL were added to 

complexes followed by mixing and seeding into each well at a volume of 20 μL/well. The volume used 

for DMA and 384-well plates were 100 nL and 20 μL, respectively.  Data were presented as mean ± SD.  
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Figure A 8. Optimization for transfection of HEK293T cells with four selected hit compounds in 

96-well plates. (A) Transfection optimization of HEK293T cells was conducted in 96-well plates in the 

absence of compounds. The transfection reagent volume and DNA amount were investigated. 

Transfection optimization of HEK293T cells in the presence of (B) hydrocortisone acetate at a working 

concentration of 5 μM, (C) naphazoline·HCl at a working concentration of 10 μM, (D) piroxicam at a 

working concentration of 40 μM, and oxacillin sodium salt monohydrate at a working concentration of 

5 μM. (F) Overview of transfection efficiency under optimized conditions in the presence of compounds. 

Nine images of each well were taken and analyzed. Graphs showed the transfection efficiency and cell 

viability. Data were presented as mean ± SD. ** was defined as P < 0.01.  
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5.2 Miniaturized droplet microarray platform enables maintenance of human 

induced pluripotent stem cell pluripotency 

 

Figure A 9. Narrow XPS scan of TA and TB surfaces. (A) High-resolution XPS spectra of the Si 2p 

and O 1s peaks measured on the TA surface. (B) Three repetitive high-resolution scans of C 1s, Si 2p, 

O 1s, and F 1s peaks measured on the TA surface. Blue, red, and black curves indicate the three 

independent spots, respectively. (C) High-resolution XPS spectra of the Si 2p and O 1s peaks measured 

on the TB surface. (D) High-resolution scans of C 1s, Si 2p, O 1s, and S 2p peaks analyzed on the TB 

surface. Blue, red, and black curves indicate three individual spots of high-resolution scans, respectively. 

To trace sulfur, ten scans were conducted without scanning other energies except carbon in order to avoid 

removal of sulfur from the sample.  
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Figure A 10. Bright field images of hiPSCs printed on DMAs. The hiPSCs were printed with the 

volume of 200 nL/spot on (A) ME and (B) PA DMA. The side length of each square spot is 1 mm.  

 

 

 

Figure A 11. Morphology of hiPSCs cultured on surfaces with big volumes (MG+ 2 mL, MG- TA 2 

mL, and MG- TB 2 mL) and on DMAs with small volumes (MG+ 200 nL, MG- TA 200 nL, and MG- 

TB 200 nL). Scale bar: 100 μm. 
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Figure A 12. Bright field images presenting hiPSCs morphology on TA DMA. Thirty bright field 

images were presented to show the statistic of cell morphology for hiPSCs cultivated for 24h on TA 

DMA. The size length of each square spot is 1 mm.  
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Figure A 13. Bright field images presenting hiPSCs morphology on TB DMA. Thirty bright field 

images were presented to show the statistic of cell morphology for hiPSCs cultivated for 24h on TB 

DMA. The size length of each square spot is 1 mm.  
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Figure A 14. Oct4 and Sox2 gene expression of HiPSCs cultivated on TA and TB surfaces and 

DMAs. Quantitative real-time PCR showed (A) Oct4 and (B) Sox2 pluripotency gene expression of 

hiPSCs grown on MG+ surface (MG+ 2 mL), MG+ DMA (MG+ 200 nL), MG- TA surface (MG- TA 

2mL), MG- TB surface (MG- TB 2mL), MG- TA DMA (MG- TA 200 nL), MG- TB DMA (MG- TA 

200 nL). All the data of gene expression were normalized with reference gene GAPDH. * indicates p < 

0.05, which means significantly different between 2 mL and 200 nL groups.   
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5.3 Rapid high throughput combinatorial screening of protein coatings on 

miniaturized droplet microarray identifies novel cell culture substrates to 

maintain pluripotency of hiPSCs 

 

Figure A 15. Images of DMA with Matrigel and hiPSCs cells. Representative bright field images 

displayed (A) 1% Matrigel solution printed as 60 nL/spot on DMA and followed by (B) 200 nL/spot 

hiPSCs cell suspension was added. Each spot is a square with side length of 1 mm.  

 

 

Figure A 16. Cell viability comparison (A) Cell viability comparison of cells seeded by non-contact 

printer and manual standing droplet seeding method and further cultured for 24 h. (B) The cell viability 

of hiPSCs printed by different printing pressure (75, 150, and 300 mbar*ms. The live cell coverage for 

printing and manual seeding were 69.43 ± 5.90 % and 58.28 ± 1.90 %, respectively. The cell viability of 

cells printed by 75, 150, and 300 mbar*ms after 24 h incubation were 40.50 ± 9.47 %, 69.43 ± 5.90 %, 

and 71.70 ± 7.63 %, respectively. The lower cell viability of 75 mbar*ms was due to the lower cell 

clusters numbers printed on droplets with a low printing pressure. No significant difference of the 

survival of cells printed by 150 and 300 mbar*ms was observed. Data represented as mean ± SD. 
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Figure A 17. Statistical analysis of hiPSC cells left after IF staining. (A-C) Statistical estimation of 

cells left after the whole IF staining procedure for three repeats. Each cell represented one single spot on 

DMA at corresponding position. (D) The graph showed the average cells left for each repeat. Around 

50% hiPSCs were left after several times washing in IF staining and there was no significance among 

repeats.  
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Figure A 18. Statistical analysis of hiPSC colonies left after IF staining. (A-C) Statistical estimation 

of hiPSCs colonies numbers after the whole IF staining procedure for three repeats. Each cell represented 

one single spot on DMA at corresponding position. (D) The graph showed the average hiPSCs colonies 

numbers for each repeat. Approximately seven hiPSCs colonies were left after several times washing in 

IF staining and there was no significance among repeats.  

 

 

Figure A 19. Six pluripotency markers staining of hiPSCs on Matrigel coated well plates. 

Representative confocal laser scanning microscope (CLSM) images of hiPSCs cultivated on well plates 

coated with Matrigel stained for six pluripotency markers: Sox2, Oct-4A, Nanog, green fluorescence; 
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TRA-1-60, SSEA4, TRA-1-81, red fluorescence. Three independent experiments were conducted (n=3) 

obtaining comparable results. DAPI was used to counterstain nuclei. Scale bar: 50 μm. 

 

 

Figure A 20. The CLSM images of F-actin cytoskeletal organization (red). Cells seeded on MG 

coated DMA showed nicely spreading and well-organized actin stress fibers, indicating the feasibility of 

using DMA for hiPSCs cultivation. Scale bar: 50 μm.  

 

 

Figure A 21. Relative mean fluorescence intensity of E-cadherin expression for positive and 

negative controls. The mean fluorescence intensity were calculated from three-independent IF staining 

images for E-cadherin and normalized with positive control. 
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Figure A 22. Primary screening results. (A) Figure showed results of ten hits from the primary 

screening. HiPSCs were cultured on DMA in the presence of respective proteins for 24 h, followed by 

IF staining of pluripotency marker Nanog. Mean fluorescence intensity of each individual spot was 

analyzed and normalized with positive control. The threshold was set was mean + 3SD. Green column 

demonstrated positive control, red column demonstrated negative control and violet column 

demonstrated hits. (B) Relative Nanog expression investigated by IF staining of each single protein. Data 

represented as mean ± SD.  
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Figure A 23. Representative phase contrast images of hiPSCs colonies through five passages on 

MG, BIK, and GHK coated well plates. Scale bar: 100 μm.  
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Figure A 24. Positive IF for pluripotency markers Nanog and TRA-1-81 of five passages (P1-P5) 

of hiPSCs on MG coating. DAPI was used to counterstain cell nuclear. Scale bar: 50 μm.  
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Figure A 25. Positive IF for pluripotency markers Nanog and TRA-1-81 of five passages (P1-P5) 

of hiPSCs on BIK coating. DAPI was used to counterstain cell nuclear. Scale bar: 50 μm.  
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Figure A 26. Positive IF for pluripotency markers Nanog and TRA-1-81 of five passages (P1-P5) 

of hiPSCs on BIK coating. DAPI was used to counterstain cell nuclear. Scale bar: 50 μm.  
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