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ABSTRACT 

 
Antibodies have great potential for their use in immune therapies. Developing potent 

therapeutic monoclonal antibodies for the treatment of cancer and infectious 

diseases is a critical task. Although there have been advancements in display 

technologies to simplify the process, the major bottleneck in most existing methods 

is that they depend on examining one antigen against a pool of antibodies, 

significantly decreasing the overall throughput. In this study, we report a high- 

throughput assay for screening of antibody library against antigen library. It 

leverages a mammalian display system to express proteins of interest on the surface 

of cells to enrich specific cell doublets, while eliminating the formation of unspecific 

binding events. The pairing information is retrieved through a fusion PCR post 

droplet encapsulation of the cell-doublets. As a proof of concept, cells expressing a 

nanobody against GFP on their membrane were successfully enriched in the form of 

cell doublets along with GFP expressing cells utilizing this binding assay. This was 

demonstrated even at lower ratios of protein-specific cells in the mixture. These 

results suggest that different protein display libraries can be deployed to discover 

new protein interactors using this approach. Using this technology, we offer a 

strategy that could allow for high throughput screening of antibodies which can be 

beneficial for immunological research. 
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Proteins, the fundamental building blocks of life, are complex macromolecules 

composed of a series of amino acids, the sequence of which is dictated by the 

corresponding genetic code. Playing a central role in many critical biological 

processes including molecular transportation, intra and intercellular signal 

transduction, catalysis, and immune responses, proteins are essential for the proper 

functioning of living systems. Significantly, a majority of the curiosities pursued in the 

fields of biology and biochemistry revolve around protein-protein interactions (PPIs), 

which encompass a wide range of cellular and metabolic phenomena, including cell- 

cell interactions and the regulation of developmental processes. PPIs were defined 

as “physical contacts with molecular docking between the proteins that occur in a cell 

or in a living organism in vivo” (De Las Rivas & Fontanillo, 2010). Many significant 

properties of PPIs have been laid out by Phizicky and Fields (Phizicky & Fields, 

1995) 

● Modification of kinetic properties of enzymes 

● Allow substrate channelling 

● Inactivate a protein 

● Serve a regulatory role upstream or downstream 

● create a new binding site for other effector molecules 

● change the specificity of a protein for its substrate 

 
The outcome of a majority of cellular processes can be studied through protein 

interactions (Farooq et al., 2021). PPIs can be identified via library screening-based 

approaches, where a collection of proteins are interrogated for their ability to interact 

with a target of interest. A genetic library is a collection of genes or DNA sequences 

cloned into a suitable vector. The screening process involves the identification of a 

specific clone that contains the target gene within the library. Typically, the products 

of a clone are examined, which is applicable only for expression libraries, where the 

DNA sequence directs the production of a protein recognized by an antibody or 

ligand. This method of library screening enables the identification of unique and 

valuable clones containing the desired gene, thereby enabling the isolation and 

characterization of specific proteins or peptides with desired properties. Many 

techniques have been developed to screen for these PPIs, including but not limited 

to Tandem Affinity Purification, Affinity Chromatography, Yeast two-hybrid, Yeast 

Display, and Phage display. There are various applications for each of these 

screens. A direct and relevant application of library screening is in the field of 
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immunology. Some of the most common surface-binding interactions in immunology 

include antibody-antigen binding, and T cell Receptor (TCR) binding to peptides 

presented on the surface of major histocompatibility complex (pMHC). (Sergeeva et 

al., 2006) High variability in structure among antibodies and TCRs allows for the 

generation of a library of diverse antibodies/receptors. 

 

 
1.1 Antibody discovery 

 
The discovery of high-affinity antibodies against important antigens with regards to 

their use in medicine is a crucial process. Despite being so relevant, there exist 

many challenges to isolate antibodies that target cell-surface proteins. A primary 

requirement is for the antigen to be conformationally stable and native. The soluble 

forms of surface-proteins are not always stable, and thus pose challenges to 

generate antibodies against them (Hutchings et al., 2010). To combat this issue, 

various different display technologies have been developed to identify suitable 

candidate proteins from a large library. Cell surface display has been used to 

express a protein of interest on the surface of prokaryotes (bacteriophage) or 

eukaryotic cells (yeast, mammalian cells) (Valldorf et al., 2022). This principle of 

fusing the protein of interest with a membrane anchoring motif in order to generate 

cell-surface display systems is a method of great appeal in the domain of protein 

bioengineering. By utilizing this approach, the displayed protein can be accessed 

readily by other targets, thereby providing numerous benefits. A noteworthy 

observation from multiple studies is that peptides which bind to cell-surface 

molecules selected through display technologies are frequently found to share 

significant domain similarity with their endogenous counterparts(Hartley, 2002; 

Smothers et al., 2002). Thus, these are powerful tools in a growing market. The field 

of monoclonal antibody generation is expected to be roughly 300 billion US dollars 

by the year 2025. (Lu et al., 2020) 

 

 
1.2 Display Technologies 

 
Display libraries are an ideal candidate for the selection of proteins to develop 

targeted therapeutics. One of the most common technologies in use today for the Ab 

discovery is Phage Display (PD). It has resulted in the production and sale of 14 
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therapeutic Abs that are in use today (Sellmann et al., 2020; Smith, 2019). The 

biggest advantage underlying this technology is in its construction of a large diversity 

of libraries (1011 clones) (Schwimmer et al., 2013). The antibody protein of interest is 

fused to the pIII minor coat protein of filamentous phage resulting in surface display 

of the protein on the phage, which can then be screened for specificity, and affinity 

(Fig. 1C). This is achieved by incubation with immobilized antigens on solid surfaces, 

or using soluble biotinylated antigens (Smith, 1985). The biggest challenge faced by 

PD lies in the expression of the protein itself. Prokaryotic translation machinery is not 

capable of performing post-translational modifications, such as formation of di- 

sulphide bonds. With this drawback, full length antibodies, as they would be 

expressed in-vivo, cannot be displayed on the phage surface (Jaroszewicz et al., 

2022). Single-chain variable fragments (scFv), the region of the antibody encoding 

for the variable heavy and light chains, are used instead. 

Yeast surface display (YSD) in Saccharomyces cerevisiae has been made possible 

through cell wall glycoproteins, namely, aga1p, aga2p, alpha agglutinin, and others 

(Cherf & Cochran, 2015). The method is very similar to the one used in mammalian 

cell display. The protein is fused at the C-terminus of a surface protein (for eg. 

aga2p) and lies between two epitope tags used for detection of the protein (Fig.1A). 

Once YSD was established for an scFv antibody against fluorescein (Boder & 

Wittrup, 1997), its usage in developing other scFv antibodies, Fab fragments and 

even whole IgG antibodies grew considerably. (Boder et al., 2012) This new 

eukaryotic model system quickly became a promising technology as compared to its 

phage and bacterial counterparts since it allowed selection of complex proteins that 

require post-translational modifications for the first time (Boder & Wittrup, 1997). 

Despite the advances made in phage and ribosome display, its ability to detect 

binders relies on enzyme-linked immunosorbent assay (ELISA) screening, lowering 

the overall final throughput. YSD offered a novel eukaryotic screening platform. Its 

larger size also allowed for millions of clones to be analyzed via flow sorting. 

However, its major limitation remains in a difference in glycosylation patterns, 

expression and secretion machinery, and the codon usage from that found in 

mammalian systems (Parthiban et al., 2019). 

Mammalian cells offer an ideal platform for the identification of proteins targeting cell- 

membrane protein. Compared to other techniques discussed above, it provides 

certain advantages as it employs cells that are suitable not only for selection but also 
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for production of the desired proteins. Mammalian expression and secretory 

apparatus are particularly favourable for producing properly folded full-length Ig 

molecules with glycosylation patterns and post-translational modifications similar to 

those found in humans (Valldorf et al., 2022). Another interesting benefit of utilizing a 

mammalian system is in taking advantage of somatic hypermutation through 

activation-induced cytidine deaminase in-vitro (Bowers et al., 2014; Di Noia & 

Neuberger, 2007). Surface expression of proteins can be achieved through transient 

transfection or stable cell-line generation through various transfection methods, or 

viral transduction technologies to generate a library (Beerli et al., 2008). The major 

limiting factor of mammalian display is smaller library size when compared to 

techniques like phage or bacteria display (Valldorf et al., 2022). Larger libraries can 

be constructed using random gene insertion techniques listed above, however this 

causes variability in gene expression for every gene insertion since it is a site- 

dependent phenomenon. Recently, with advances in genetic engineering tools like 

CRISPR, this issue can be circumvented to an extent. It allows for monoclonal 

display of proteins in a cell with library sizes that can reach up to 107 (Parthiban et 

al., 2019). To achieve protein display in a mammalian host, the protein to be targeted 

is inserted in-frame to two important sequences- N terminus IgK-leader sequence, a 

signal sequence targeting the final protein to the surface, and the C-terminus 

transmembrane domain of Platelet-derived growth factor receptor (PDGFR). This 

transmembrane domain allows for surface anchoring of the protein of interest in the 

mammalian cell (Fig.1B). The protein is also tagged with two different epitope tags 

for detection- Myc tag (EQKLISEEDL) and the HA tag (YPYDVPDYA). 

 

 

Figure 1:- Illustrations of various display methods that are in use today, namely 
(A) Yeast Cell Display (B) Mammalian Cell Display (C) Phage Display 
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Figure 2: Schematic representing the proposed pipeline for analyzing cell-doublet interactions 
and obtaining a final readout. Two different display libraries of proteins are generated. The 
different types of monoclonal display cells are then incubated, followed by droplet 
encapsulation to isolate and analyse cell-doublet events. Finally, the cells are lysed in droplet 
and undergo an overlap extension PCR to retrieve the DNA sequence of the interacting proteins 

 

A significant challenge in the process of screening is the preparation of antigens, 

particularly when it comes to ion channels and G protein-coupled receptors 

(Hutchings et al., 2019). These targets can present multiple obstacles, such as poor 

expression and solubility requiring extensive optimization of purification conditions. 

Furthermore, preserving the native conformation of membrane proteins post- 

purification poses an additional hurdle. Conventional screens are all directed towards 

screening antibody libraries against one target antigen. To our knowledge, there are 

no methods in use today that enable multiplexed screening of two libraries of 

proteins against each other. These challenges underscore the need for further 

innovations in the development of techniques and technologies that enable more 

efficient preparation and characterization of membrane proteins. Researchers have 

tried to circumvent this issue by utilizing whole cell panning along with yeast display 

libraries (Hoogenboom et al., 1999). Yeast display library are co-incubated with 

adherent mammalian cells displaying a target protein. Yeast cells with no specific 

binding partners are washed off to enrich for specific binding antibodies (Tillotson et 

al., 2013). This approach is challenging, relying on yeast displayed libraries, targets 

the display library against only a single antigen, and may be hindered by unspecific 

binding among yeast cells itself. Thus, technologies need to be developed to allow 
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multiplexed screening for antigen antibody reactions in a mammalian background 

without the need of purification of antigens. 

It is essential to retrieve back the pairing information of the interacting cell- 

complexes in the form of gene sequences. This can be achieved through fusion 

PCR. At the Laboratory of Biomedical Microfluidics, droplet microfluidic platforms 

have been established to screen antibodies for binding to proteins expressed on the 

membrane of target cells. In this system, small aqueous droplets are surrounded by 

oil and act as independent screening vessels to identify protein binding pairs. This 

technology enables highly multiplexed screening for the identification of antibodies or 

T-cell receptors binding to hundreds of different targets in a single screen (Fig. 2). 

(Shembekar et al., 2018) Droplet encapsulation allows for isolation of cell doublets, 

which can then be lysed to perform PCR in droplet for a final readout of sequences 

of interacting proteins. 

 

 
1.3 Objectives 

 
The goal of the study is to establish a method to screen for two protein libraries 

against each other in a mammalian system. As a proof of concept, we will establish 

the method with three candidate proteins (Fig.3). These consist of two antigens: GFP 

and mCherry, and one nanobody: GFP-nanobody (Pleiner et al., 2015). GFP- 

nanobody specifically interacts with GFP, while having no known affinity towards 

mCherry. These proteins will be fused along with the PDGFR-transmembrane 

domain and IgK leader sequence by cloning them in a suitable plasmid for their 

surface expression in HEK293T cells. Their surface expression will be characterized 

through fluorescence microscopy. We hypothesize that protein pairs with a known 

binding affinity will interact and form cell complexes at a greater ratio when 

compared to a protein pair without any binding affinity. After several rounds of 

optimization of conditions, we successfully showed that protein-specific cellular 

complexes could be enriched in our assay system. 
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Aim: - 

 
1) To clone candidate recombinant proteins for their surface expression in 

mammalian cells. 

2) To characterize surface expression of the mammalian display system in 

HEK293T cells for its subsequent use in screening libraries. 

3) To optimize conditions, mainly the formation of specific cell doublets, while 

eliminating the formation of unspecific binding events. 

 
 

 

Figure 3: Schematic of the protocol. The cells are transfected with the 
constructs in a 6-well plate. GFP-nanobody cells are then stained for their 
detection. The cells are harvested as a single cell suspension and then co- 
incubated. This process of co-incubation undergoes various cycles of 
optimization to achieve an optimal readout in a flow-cytometer. 

 
 
 

(The study below does not describe methods for the overlap extension PCR. 

The cells are analyzed through a traditional flow cytometer instead of droplet 

encapsulation to help in faster optimizations) 
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METHODS 
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2.1 Vector Construct 

 
pDisplay™ Mammalian Expression Vector (Invitrogen, V66020) was used as a 

backbone to clone in three genes- eGFP, GFP-nanobody, and mCherry. The genes 

were cloned using GeneArt™ Gibson Assembly HiFi Master Mix (Invitrogen, 

A46628). pDisplay was first digested with a single enzyme, SalI-HF (New England 

Biolab, R3138S) to linearize the backbone and allow for gene insertion (Fig. S3A). 

1ug of the plasmid was incubated with 20 units of enzyme for 15 mins at 37C. The 

vector construct contains 3 important sequences of interest: - 1) The Leader 

sequence for correct signalling of the peptide on the cell membrane. 2) PDGFR 

transmembrane domain for anchoring the peptide on the cell membrane and 

displaying it extracellularly. 3) HA-tag for the detection of protein with antibody 

staining. The genes of interest were cloned in-frame using primers designed 

specifically for Gibson assembly (Table S1), downstream of the leader sequence and 

upstream of the PDGFR-TM domain. Insertion of the gene in the vector backbone 

was confirmed through PCR reactions of DNA extracted from transformed colonies 

(Fig. S3 B-D). Extracted DNA which contained the inserted gene showed a band at 

the size of the gene itself. All clones that showed a positive band were sent for 

sequencing to confirm correct and in-frame insertion in the vector(Fig. S4). In each 

case we obtained at least 1 clone that had the gene inserted in-frame. The colonies 

that contained the desired vector were then later expanded in larger culture volumes 

and a midi-prep was performed to extract larger quantities of DNA for future 

transfection experiments. 
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Figure 4: Vector map of pDisplay 

PCR cycling conditions 

 

Step Temp (°C) Time (s) 

Initial Denaturation 98 30 

Denaturation 
Annealing 
Elongation 

98 
60 

72 

7 
20 

25 

Final extension 72 120 

Hold 4 Infinite 

 
 
 

 

2.2 Cell culture and transfection 

 
HEK293T cells were provided by Alan Guichard from Michelle De-Palma group 

(EPFL) and cultured in RPMI (Gibco, 61870-010) media, supplemented along with 

10% Fetal Bovine Serum (FBS), 5mM HEPES buffer, and Penicillin (100 

units/ml)/Streptomycin (100 μg/ml). Cells were incubated in 5% CO2 at a constant 

temperature of 37°C and split every 3 days upon 80% confluency. 

Chemical transient transfection was performed in 6-well plates. Multiple wells of a 6- 

well plate were seeded in 2 ml complete media with cells (~0.5 × 106 cells per well) 
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one day prior to transfection. The next day the media was replaced with fresh 1.5ml 

complete media. They were transfected with ~3 μg of plasmid vector using 9 μL of 1 

μg/μL linear (PEI) polyethylenimine hydrochloride (PolySciences, 49553-93-7). Two 

tubes were prepared for the transfection of 1 well in the 6-wells plate. The first tube 

contained PEI diluted in 250uL OptiMEM (Gibco, A41248-01) while the other tube 

contained the DNA diluted in 250uL OptiMEM. The tubes are then mixed, vortexed 

well and incubated for 30 minutes at room temperature to allow for PEI-DNA 

complexes to form. This mixture is then added dropwise in the well. The ratio of 

PEI:DNA used was 3:1 (9 μg of PEI to 3μg of PEI). Cells are incubated at 37C, 5% 

CO2 for 12hours, then the transfection media is removed and replaced with 2ml 

complete media. Cells are incubated for an additional 36h before analysis. 

To analyze transfection efficiency of mCherry and EGFP transfected cells, they were 

suspended in 1x FACS buffer (1x PBS, 1% FBS, 2mM EDTA) at a density of 106/ml. 

For the analysis of GFP-nanobody transfected cells, 106/ml cells were collected in 

100uL medium and incubated with the primary antibody against the HA-tag for 30 

minutes at 4C. They were then washed with 1xFACS buffer, followed by incubation 

with a conjugated secondary antibody for 30minutes at 4C. The cells were washed 

again with 1xFACS buffer before the final analysis. Primary antibodies used was 

against HA-tag (Invitrogen, 26183) at 1:1000 dilution in FACS buffer. Secondary 

antibody was diluted in FACS buffer as well: Goat anti Mouse-Alexa 568 (Invitrogen, 

A11031) at 1:2000 dilution. 

 

 
2.3 Cell Binding Assay 

 
48h after transfection, cells are prepared for the binding assay. pDisplay-GFP 

nanobody transfected cells and untransfected cells (for control) are stained by 

incubation with CellTrace Violet dye (Invitrogen, C34557). The cells are first washed 

with 1xPBS to remove any excess media in the sample. 5uM working stock of the 

dye is prepared by adding 1uL per 1ml of 1xPBS. This solution is added on top of the 

cell culture for 20 mins and the plate is incubated at 37C protected from light. The 

solution is then aspirated out and the cells are washed once with 1xPBS solution 

containing 1%FBS. The cells are then incubated in complete media for at least 10 

minutes before proceeding with further analysis. Cells are detached using only 3mM 

Ethylenediaminetetraacetic acid (EDTA) dissolved in 1xPBS instead of trypsinizing 
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them so as to not cleave cell-membrane proteins. Cells are then pelleted and a 

single cell suspension is created by passing them through a 70um filter. They are 

counted using trypan blue to seed the right ratio of cells desired. For the assay, cells 

transfected with the three different plasmids were mixed and co-incubated in 

FreeStyle-293 media (Gibco, 12338-018) supplemented with 0.1% Plurionic F-68 

(BioConcept, 5-75F02-H) and 10U/ml DNase I (Invitrogen, 18047019) and 2.5mM 

MgCl2 in 1.5ml MCTs (Eppendorf) at 37°C on a thermomixer for 1 hour at a constant 

shaking speed of 400 RPM. For the control, cells transfected with pDisplay-GFP 

nanobody were replaced with wild type HEK293T cells. Post incubation the cells 

were pipetted and analyzed directly by flow-cytometry. 

 

 
2.4 Flow Cytometry Analysis 

 
The experiments were performed on a 5 laser BSD LSR-II cytometer at the FCF- 

UNIL facility at AGORA. The lasers in use were of the wavelength 488nm, 405nm, 

and 561nm. Data analysis of the FCS files was performed using FlowJo software 

(BD Biosciences). 

To analyze cell doublets, cells were directly transferred into FACS tubes and 

analyzed. The cells were gated based on scatter properties and doublets were 

analyzed based on a double positive fluorescence readout. First the live cells were 

gated based on Forward Scatter (FSC) vs Side Scatter (SSC) followed by selection 

of all cells positive for blue, and then finally were plotted on a mCherry vs GFP dot 

plot to assess percentage of blue-green doublets vs blue-red doublets (Fig. 5). 

 
 
 

 

Figure 5: Representation of Gating strategy used in analysing flow cytometer 
data 
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Parameter Calculation: - 
 

 

𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 = 
𝑁𝑜. 𝑜𝑓 𝑑𝑜𝑢𝑏𝑙𝑒𝑡𝑠 𝑤𝑖𝑡ℎ 𝐺𝐹𝑃 𝑎𝑛𝑑 𝐺𝐹𝑃𝑛𝑎𝑛𝑜𝑏𝑜𝑑𝑦(𝐺𝑟𝑒𝑒𝑛&𝐵𝑙𝑢𝑒) 

 
 

𝑁𝑜. 𝑜𝑓 𝑑𝑜𝑢𝑏𝑙𝑒𝑡𝑠 𝑤𝑖𝑡ℎ 𝑚𝐶ℎ𝑒𝑟𝑟𝑦 𝑎𝑛𝑑 𝐺𝐹𝑃𝑛𝑎𝑛𝑜𝑏𝑜𝑑𝑦 (𝑅𝑒𝑑&𝐵𝑙𝑢𝑒) 
 
 

 

2.5 Immunofluorescence 

 
0.5 × 106 transfected cells/well were seeded in a 6 well plate with glass coverslips at 

the surface. Washes were done with 1× PBS and fixed with 4% paraformaldehyde 

(Sigma, P6148) prepared in 1× PBS, pH 7.4 at room temperature for 10 minutes, 

three times in 1× PBS (5 minutes each). Cells were then blocked in 1% bovine 

serum albumin (BSA) (Sigma, A2153) prepared in 1× PBST (0.1% Triton-X-100 in 

1XPBS) for 30 minutes and washed three times with 1× PBS to avoid any unspecific 

binding of the antibodies. Incubation with primary antibodies was performed in 1% 

BSA for 90 minutes at RT and with secondary antibodies for 60 minutes at RT, with 

washes in between using 1× PBST. Primary antibody used was against HA-tag 

(Invitrogen, 26183) at 1:500 dilution in 0.5% BSA. Secondary antibody was diluted in 

1× PBS: Goat anti Mouse-Alexa 568 (Invitrogen, A11031) at 1:1000 dilution. Three 

washes of 1x PBS were performed. Cells were mounted in Prolong™ Gold Antifade 

with DAPI (Invitrogen, P36935). 
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3.1 Expression of candidate proteins at the surface of mammalian 

cells 

 
For the purposes of our experiments, we wanted three different lines of HEK293T, 

each one of them displaying a unique protein on its cell surface. To achieve this, 

three plasmid constructs– pDisplay-GFP, pDisplay-GFPnanobody, and pDisplay- 

mCherry were transiently transfected into HEK-293T cells using polyethyleneimine, 

and their surface expression was analyzed through fluorescence microscopy (Fig.6). 

Since GFP-nanobody is not a fluorescent protein, its expression on the cell 

membrane was visualized through immunostaining with conjugated antibodies 

against the HA-tag (Fig.6C). We observed cell surface staining of the nanobody 

expressing HEK293T, whereas non-transfected HEK293T showed no staining (Fig. 

S1), confirming the antibody’s specificity. As an additional control, both pDisplay- 

GFP-Nanobody and non-transfected HEK293T cells were stained with only the 

conjugated secondary antibody, to confirm its specificity to the primary antibody 

which showed no staining in either case (Data not shown). 

Validation of GFP binding specificity with GFPnanobody 

The surface of mammalian cell comprises of a diverse set of proteins. It is crucial to 

ensure that protein of interest is specific to the desired target and not against any 

other surface protein. As an additional test to validate expression of GFP-nanobody, 

and to analyze binding specificities, we performed an immunostaining of pDisplay- 

GFP-nanobody transfected HEK293T cells and stained for surface expression of 

GFPnanobody using soluble form of the GFP protein. As a control, we stained cells 

transfected with the empty pDisplay vector (Fig S2.) to validate specificity of GFP to 

GFP-nanobody and not to any other surface protein. 
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Figure 6: Surface expression of the different pDisplay constructs (A). Representative images of 
HEK293T cells transfected with pDisplay-GFP and pDisplay-mCherry constructs. Green-GFP; 
Red-mCherry. Scale bar = 200um (B) HA Tag staining Representative mid-optical sections from 
confocal microscopy of HEK293T cells immunostained for HA-tag for GFP-nanobody+ cells. Blue- 
DAPI; Red- HA tagged GFPnanobody. Scale bars = 100uM (C) Soluble GFP staining. 
Representative mid-optical sections from confocal microscopy of pDisplay-GFPnanbody 
transfected HEK293T cells immunostained for GFP-nanobody expression. Scale Bar = 50uM 

 
 

 

These observations validated surface expression of our constructs and thus implied 

it could be used for future experiments going forward. 

The transfection efficiencies for each of the vector constructs was determined via 

flow cytometry. As seen in Fig.7, the mCherry construct had the highest transfection 

efficiency with >90% transfected cells, whereas the GFP construct had close to 90% 

transfected population. Since GFP nanobody is not a fluorescent protein, its surface 

expression was analyzed through staining with anti-HA antibody for its detection via 

flow cytometer which showed 82% transfected population. 

 

 
Figure 7: Transfection efficiencies analysed via flow cytometry for HEK293T cells transfected 
with (A) GFP (B) mCherry and (C) GFP-nanobody. Red-Transfected HEK293T, Blue- Non 
transfected HEK293T 
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3.2 Cell Binding Assay 

 
3.2a Cellular interaction analysis of HEK293T cells 

 
To study the protein-specific interactions and cell-complex formation, we co- 

incubated the three differently transfected HEK293T populations at equal 

proportions. GFP displaying cells are specific to GFP nanobody displaying cells, 

whereas cells displaying mCherry on the surface serve as an internal control that 

help us quantify cellular complex formation between specific and unspecific 

interactors. GFP and mCherry signals were gated with respect to homogenous 

expressing populations of each for every experiment. GFP-Nanobody expressing 

cells were stained with CellTraceViolet prior to co-incubation for their detection via 

flow cytometer. A control was set up where GFP-Nanobody transfected cells were 

replaced with non-transfected cells in the mixture. These were also stained with the 

same CellTraceViolet dye. The entire gating strategy is described above in materials 

and methods (Section 2.4). The 2-D dot plot represents the entire population of blue 

cells. Q1 and Q3 represent the percentage of blue cells associated with mCherry 

and GFP respectively. The cell-doublets, namely GFP-GFPnanobody complexes, 

were enriched when compared to GFP-mCherry complexes by 4-fold, indicating a 

protein-specific enrichment of cell-doublets in our assay system (Fig. 8A-B). We also 

imaged these cell-doublet events post incubation of the cell mix, and we could 

visualize them as seen in Fig.8C.The results below were reproducible at least 3 

times. 
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Figure 8: Cell-doublet formation is dependent on specific interactions between the cell- 
surface proteins 
(A) Cells were gated using FSC and SSC to exclude cellular debris, following which only 
CellTraceViolet positive population was selected in the mixture for further analysis. (B) 
CellTraceViolet+ populations were plotted on a two-dimensional dot plot - X:Y::GFP:mCherry. 
The highlighted gate (Q3) shows percentage of GFPnanobody-GFP cell doublets. Q1 refers to 
GFPnanobody-mCherry doublets. This is only a representative plot of three different 
technical replicates that were performed for both types (Nanobody and Nanobodynull) of 
cell mixtures. (C) Fluorescence microscopy images taken post-incubation of the cell mixture 
containing Nanobody+ cells. 100uL of cells were taken from one of the sample tubes and 
diluted in 100uL 1xPBS and imaged instantly. The highlighted cells are HEK293TGFP- 
HEK293TGFPnanobody cell complexes. Scale bar = 100um (D) The data for the ratio of 
number of Blue-Green (GFPnanobody-GFP) cell doublets to Blue-Red (GFPnanobody- 
mCherry) cell doublets was plotted on a bar plot for n=3 technical replicates. The error bars 
indicate +/- SEM and a standard two tailed t-test was performed for comparison. 
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3.2b Vortexing of the cell mixture allows breaking unspecific cell-doublets 

 
Vortexing is commonly used in flow cytometry before analysis of samples to help 

create single cell suspensions. Thus, we wanted to test whether physical disruption 

would have any significant effect on the doublet status of the cells. Initially, we only 

tested short bursts of vortexing. We observed that these high-affinity cell-cell 

interactions could withstand harsh physical disruption. So, we set out to test the 

effect of vortexing the cells for ~1sec(pre-vortex), 60sec (Vortexed), and 300sec 

(Vortexed+). We tested longer periods of vortexing and its effects on cell complexes. 

The sample tube was first analyzed with a short burst of vortex (pre-vortex) to allow 

for homogenous cell suspension. The same sample tube was then subjected to 60 

seconds of constant vortexing, and 300 seconds subsequently, and was analyzed 

after each step for its effects on cell doublet populations. We observed that with an 

increase in duration in vortexing, the fold change increased proportionally (Fig.9A-B). 

Quantitatively, we saw a 35% increase in fold change after 5 mins of harsh 

 
 
 

Figure 9: Formation of unspecific cell complexes can be reduced by vortexing 
(A) The cell incubation and gating was performed similar to the previous experiment. Each 2-D 
dot plot is representative of three replicates. The highlighted gate (Q3) shows percentage of 
GFPnanobody-GFP cell doublets. Q1 refers to GFPnanobody-mCherry doublets. The tubes were 
subjected to different rounds of vortexing with varying times. (B) The data for the ratio of 
number of Blue-Green (GFPnanobody-GFP) cell doublets to Blue-Red (GFPnanobody-mCherry) 
cell doublets was plotted on a bar plot for n=3 technical replicates. The error bars indicate +/- 
SEM and a standard two tailed t-test was performed for comparison. 
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vortexing. (Fig9b.) These results were much more pronounced as seen in 

section3.3d, Fig.11b 

3.2c Ethylenediamine tetra-acetic acid (EDTA) does not significantly affect 

unspecific cell complexes 

 
Another aspect we wanted to test was the addition of a chelating agent in the media 

and analyze its effect on disrupting non-specific ionic binding between cells. EDTA is 

a well-known chelating agent that chelates Magnesium and Calcium ions from the 

medium that are required for integrins to maintain cell adhesion, and is a common 

cause of cell clumping. We performed the binding assay in two different media- one 

with 3mM EDTA supplemented and one without any EDTA in it. The rest of the 

components were kept the same between the two, as outlined in materials and 

methods above. We observed no significant difference in the ratio of specific binding 

partners to unspecific partners upon addition of EDTA in the cell culture medium, 

indicating that it offered no significant benefit. However, we noticed a slight increase 

in fold change (Fig. 10A-B), which led us to believe that the concentration of EDTA 

may have been a limiting factor. 

 

Figure 10: Cell-doublet formation is not significantly affected by addition of a chelating agent 
(A) The cell incubation and gating was performed similar to the previous experiments. Each 2-D 
dot plot is representative of three replicates. The cells were incubated in two different medias 
and their respective fold-changes were quantified to compare the effect of addition of EDTA in 
the mixture. The highlighted gate (Q3) shows percentage of GFPnanobody-GFP cell doublets. Q1 
refers to GFPnanobody-mCherry doublets. (B) The data for the ratio of number of Blue-Green 
(GFPnanobody-GFP) cell doublets to Blue-Red (GFPnanobody-mCherry) cell doublets was plotted 
on a bar plot for n=3 technical replicates. The error bars indicate +/- SEM and a standard two 
tailed t-test was performed for comparison 
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3.2d Protein-specific cellular complexes can be enriched even at lower 

abundance 

 
So far, the experiments have been conducted using an equal ratio of GFP and 

mCherry expressing cells. However, when screening a library of proteins, the 

abundance of each monoclonal cell type expressing a specific protein on its surface 

is very low. To mimic these conditions, we spiked the ratio of mCherry expressing 

cells as compared to the GFP expressing cells at ratios of 1:10 and 1:100 

(GFP:mCherry respectively). This would help us analyze whether the assay system 

allows for rare cell populations to meet and interact with each other. To achieve a 

1:10 ratio among competing antigens, we co-incubated 50,000 GFP, 50,000 GPF- 

nanobody, and 500,000 mCherry transfected cells in the mixture. The population of 

GFPnanobody expressing cells was also kept at the same ratio as the GFP 

population to keep both populations of the interacting pair, nanobody and antigen, at 

lower ratios. We observed a 4-fold change at this ratio after vortexing for 1 minutes 

as shown in Fig.11B, indicating that even at a lower concentrations the specific 

binding partners are able to find each other and form cell doublets. The effect of 

vortexing was much more pronounced at lower proportions than what was observed 

when cells were present at equal proportion. When present at a 1:100 ratio 

(5000GFP cells:500,000mCherry cells), we observed a 0.15-fold change, which was 

more than 20 times higher than the control Nanobodynull cells (Fig11B.). The 

analysis for the 1:100 sample was done post-vortexing for 1 minutes only since we 

had established its significance already in achieving a higher fold change. In both 

cases, we observed a significant enrichment of specific binding partners when 

compared to the Nanobodynull control. Thus, we show that our system is capable of 

enriching binding partners even if present at low abundances. 
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Figure 11: Specific cell-doublet formation is enriched even at lower concentrations 
(A) The cell incubation and gating was performed similar to the previous experiments. Each 
2-D dot plot is representative of three replicates. The cells were incubated at two different 
ratios of 1:10 and 1:100 of GFP+:mCherry+ cells respectively. The highlighted gate (Q3) 
shows percentage of GFPnanobody-GFP cell doublets. Q1 refers to GFPnanobody-mCherry 
doublets. (B) The data for the ratio of number of Blue-Green (GFPnanobody-GFP) cell 
doublets to Blue-Red (GFPnanobody-mCherry) cell doublets was plotted on a bar plot for n=3 
technical replicates. The error bars indicate +/- SEM and a standard two tailed t-test was 
performed for comparison 

 
 

3.2e Incubation at high-speed affects formation of specific cell-doublets 

 
Inspired by results shown above with regards to effect of vortexing on enriching 

specific cell-doublets, we wanted to test whether incubation at higher speeds would 

help in disrupting unspecific cell interactions. This would allow for a constant physical 

stress throughout the incubation period. So, we tested the binding affinity at the 

maximum possible incubation speed on the thermomixer at 2000RPM. Prior to 

performing this experiment, we tested the viability of HEK293T cells suspended in 

these conditions with trypan blue staining and found no change in viability which 

could potentially affect the final outcome. The higher speed of incubation did not 

result in a higher enrichment as we could only attain a less than 2-fold change. 



34 
 

 

 

Figure 12: Incubation at high speed affects specific cell-doublet formation. 
(A) The cell incubation and gating was performed similar to the previous experiments. Each 
2-D dot plot is representative of three replicates. The cells were incubated at two different 
ratios of 1:10 and 1:100 of GFP+:mCherry+ cells respectively. The highlighted gate (Q3) 
shows percentage of GFPnanobody-GFP cell doublets. Q1 refers to GFPnanobody-mCherry 
doublets. (B) The data for the ratio of number of Blue-Green (GFPnanobody-GFP) cell 
doublets to Blue-Red (GFPnanobody-mCherry) cell doublets was plotted on a bar plot for n=3 
technical replicates. The error bars indicate +/- SEM and a standard two tailed t-test was 
performed for comparison. 
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CHAPTER 4 DISCUSSION 
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In the above study, we cloned three genes of interest- GFP, GFP-nanobody, and 

mCherry into the pDisplay vector backbone and successfully characterized surface 

expression of all the genes. Then, we validated GFP’s specificity to bind to GFP- 

nanobody through immunostaining pDisplay-GFPnanobody transfected cells with 

soluble GFP rather than conjugated antibodies. Next, we quantitatively analyzed 

HEK293T doublet formation using conventional flow cytometry. Based on the 

analysis outlined above, we demonstrated that antigen-specific HEK293T interaction 

is much more frequent (approx. 6 fold) when compared to unspecific interactions in 

our assay system. Our results further suggest that high-affinity specific interactions 

between proteins displayed on the cell surface are stable and can withstand physical 

stress, much more when compared to nonspecific interactions. We also showed that 

protein specific cellular complexes were enriched even when present at lower 

abundances (1:10 and 1:100). 

HEK293T cells were chosen as it is a well-developed system known for high 

transfection efficiencies. Prior to HEK293T, attempts were made to perform the 

above experiments in a suspension cell line, namely Jurkat. A suspension cell line 

allows cells to stay in a suspension and have no risk of them adhering to a surface. 

They also do not need to be detached before incubation. However, due to poor and 

non-reproducible transfection efficiencies, this was later abandoned. 

Initially the cell binding assay was performed in a well-plate system. This proved 

challenging to maintain cells in suspension such that they don’t adhere to the surface 

of the well and constantly mix to be able to interact with new cells. At 37oC the cells 

would readily attach to the bottom surface of the well plate, which posed a problem 

as it would not allow cells to be surrounded by a new set of neighbouring cells every 

few seconds. Thus, the system was shifted to microcentrifuge tubes to disrupt 

binding to any surface, and it also allowed incubation at 37oC on a thermomixer to 

maintain a constant homogenous cell suspension in the medium. 

As seen in the results, we always observe a baseline level of unspecific doublet 

formation in all our experiments. This can be explained through two ways- ionic 

interactions and excessive cell death. Cadherins are transmembrane proteins that 

mediate cell-cell interactions. The other common cause for cell-clumping is excess 

DNA and cell debris present in the medium. Due to the sticky nature of this nucleic 

acid, it causes cells to aggregate and form clumps. Polyethyleneimine is a non-viral 

cationic polymer commonly used in laboratories for chemical transfections. However, 
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its positive charges are known to induce necrotic cell death and apoptosis (Yuan & 

Li, 2017), a phenomenon we observed in our experiments as well. While the addition 

of DNase I helps alleviate some of the burden caused by excess DNA released by 

dead cells, it is possible that the load of debris is still significant. This can be avoided 

by isolating live cells prior to the incubation, or by the usage of stable expressing cell 

lines. 

We hypothesized that addition of EDTA would have a significant impact on the 

dissociation of non-specific cell doublets. EDTA is commonly used in cell cultures as 

a chelating agent that binds and sequesters calcium ions, thus preventing 

interactions between cadherins on the cell which cause the clumping of cells (Lai et 

al., 2022). EDTA is generally used in a range of 0.5mM to 5mM in cell cultures, 

where the lower concentration is usually used in suspension cultures and higher 

concentrations are used for adherent or sticky cell lines. For our purposes we added 

3mM EDTA and tested its effect in minimizing non-specific cellular interactions. 

Contrary to our hypothesis, the addition of EDTA did not have a significant effect on 

the proportion of cell-doublets. It is possible that we could observe significant effects 

at higher concentrations of EDTA in the solution, but it is known that EDTA is toxic to 

in-vitro cultures when present at a higher concentration (Ballal et al., 2009), hence 

we did not explore this further for the time being. Supplementing a detergent, such 

as Triton-X-100 or Tween-20, in the incubation media could be a viable strategy to 

disrupt weak, non-specific interactions among cells. They are widely used at lower 

concentrations in wash buffers in various methods ranging from immunostaining to 

phage display. 

We observed vortexing to be effective in disrupting unspecific cell-cell interactions to 

increase the fold-change. In the experiments involving equal ratio of GFP and 

mCherry (1:1), we observed that vortexing helped increase the overall fold change 

by close to ~35%, whereas at lower ratios of target antigen (1:10::GFP:mCherry) this 

effect was even more pronounced with the fold change being 2.65 times higher. It 

indicates that high-affinity proteins interactions are able to withstand fluid-flow stress 

as opposed to unspecific interactions. 

We quantitatively analysed enrichment of cellular complexes where display cells 

specific to the protein of interest were present in lower ratios when compared to 

display cells with an irrelevant protein (1:10 and 1:100 of GFP:mCherry respectively). 

We observed a greater than 3-fold change when present at 1:10 ratio. Compared to 

the nanobodynull control it was 30 times higher. For 1:100 ratio, we observe a 24 
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times higher fold change. It may appear that a less than 1fold-change resulted in no 

enrichment. However, the current screen only consists of a homogenous positive 

population of binding proteins. In a real screen consisting of a heterogenous mixture 

of proteins displayed on the cell surface, each protein-expressing cell exists as a 

rare population with respect to the rest of the population of cells. 

Finally, we observed that antigen specific formation of cell doublets was heavily 

reduced when cells were incubated at higher speeds. We hypothesize that higher 

speeds provide an additional external stress in forming the chosen antigen-antibody 

interaction, while unspecific ionic interactions remain largely unaffected as these are 

random, not requiring only certain cells to meet and interact, and can occur even 

during acquisition phase on the flow cytometer. This lowers the overall fold-change. 

Antigen-antibody complex formation is known to be affected by various factors, one 

of which is the affinity between the two. It is known that high affinity reactions Ab/Ag 

reactions are much more stable when compared to ones with low-affinity (Zehn et 

al., 2009). Our model system is based on high-affinity interactions using an antibody 

designed specifically for the protein of interest. Thus, it remains to be tested in the 

future whether low-affinity reactions on the cell-surface can be observed at similar 

levels. 

Currently, in the field of antibody discovery the methods focus on the screening of an 

antigen against a library of antibodies, followed by multiple rounds of selection to 

identify the binding partner with desirable properties (binding affinity or functional 

effect). While this is beneficial to characterize affinities against a single antigen, 

limiting to one antigen lowers the final throughput considerably. Yeast biopanning is 

one such technology that is widely used to screen an antibody library displayed on 

yeast surface against a target antigen on the surface of mammalian cells. Recent 

studies on biopanning, such as the one conducted by Yang et al., describe a cell-cell 

interaction format for selection of a known high-affinity antibody (PcTx1) against a 

membrane protein (hASIC1a). PcTx1-displaying yeast cells were screened against 

hASIC1a-overexpressing CHO-K1 cells, and were tested against control yeast cells 

without PcTx1 expression (Yang et al., 2019). The authors noted a 24-fold increase 

in the proportion of double-positive clones of interest in the mix with PcTx1+ yeast, 

compared to the control yeast population. We compared our results in enriching 

double positive clones of interest to these previous studies on yeast biopanning, and 

we showed similar (and possibly higher) levels of enrichment of GFP-GFPnanobody 
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double positive cell-cell pairs, indicating the efficiency of the system. We are aware 

that the comparison is only qualitative since variations in protein binding affinities can 

skew the results. For a true comparison we would need to enrich for the same set of 

antibody and antigen on both platforms. However, the results obtained in our study 

exhibit significant promise, suggesting the possibility of extensive utilization in the 

future. By leveraging this approach, it may be possible to effectively screen two 

libraries of display proteins against each other, thereby enabling the identification of 

novel binding partners for special applications that were not possible before, but are 

made possible through this technique. For example, a multiplexed approach focused 

towards screening two libraries could potentially facilitate the discovery of antibodies 

that selectively bind to only one member of a conserved protein family, thereby 

substantially augmenting throughput relative to currently established techniques. It is 

also possible to determine cross-species specificity of target antibodies in a single 

screen. This can substantially aid pharmacological research that focuses and targets 

murine and human counterparts of the same antigen in order to develop antibodies 

in-vivo. 

Future Outlook 

 
While an assay condition has been optimized to allow for interactors on the cell 

membrane to come together, a final readout pertaining to the information of the 

interacting pairs is currently missing. This can be achieved through the fusion-PCR 

as mentioned in the introduction. This will allow the fusion of the DNA sequence from 

two different cell libraries (antigen vs antibody) into one long nucleotide which can 

then be amplified using a nested PCR reaction. To achieve this, the current plasmid 

backbone needs to be modified to allow for unique primer binding sites. The 

upstream and downstream regions of one library needs to be different from the 

upstream and downstream regions of the second library. To achieve this, a site 

directed mutagenesis will be performed where the DNA sequence upstream and 

downstream will be altered to create two different versions of the vector, each one 

acting as a backbone for one library. The main reason behind this is so that only one 

set of primers for the fusion PCR can be used for any inserted gene in the vector 

backbone since they will not be specific to the inserted gene. 

Currently the analysis is conducted using a flow cytometer, however going forward 

the analysis would be implemented on droplet microfluidics to isolate each binding 

events in a separate reaction vessel and conduct the overlap extension PCR to 
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retrieve the pairing information. The data presented above indicates that the 

implemented setup can be utilized for the binding of two known high affinity binders- 

namely EGFP and GFP-nanobody. While the assay has been tested on high affinity 

binding proteins, its efficacy on low and medium affinity binding pairs remains to be 

tested. To this effect, the assay system will be deployed and tested on a range of 

binding pairs with vastly varying binding affinities. This will allow us to validate the 

efficacy of the assay system over varying ranges of protein binding affinities, and to 

alter the conditions if and when necessary, accordingly. 
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Appendix 
 
 
 

Primer Name Primer Sequence 

EGFP_FP GATCTCCCGGGATCCGCGGCTGCAGGTCGACagtgagcaagggcgaggagc 

tgttcaccggg 

EGFP_RP CAGATCCTCTTCTGAGATGAGTTTTTGTTCGTCGACcttgtacagctcgtccat 

gccgagagtgat 

Nano_FP GATCTCCCGGGATCCGCGGCTGCAGGTCGACagtacagctggttgaaagcgg 

cggtgcgctg 

Nano_RP CAGATCCTCTTCTGAGATGAGTTTTTGTTCGTCGACgctgctaactgtaacctg 

tgtgccctggcc 

mCherry_FP GATCTCCCGGGATCCGCGGCTGCAGGTCGACagtgagcaagggcgaggag 

gataacatggcc 

mCherry_RP CAGATCCTCTTCTGAGATGAGTTTTTGTTCGTCGACcttgtacagctcgtccat 

gccgccggtggag 

Table S1- Primer sequences used for eGFP, GFP-nanobody, and mCherry for 

gibson assembly into the pDisplay vector 
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Figure S1: HA Tag staining control. Representative mid-optical sections from confocal 
microscopy of HEK293T cells immunostained for HA-tag for Non transfected. Blue-DAPI; Red- 

HA tag. Scale bars = 100uM 
 
 

Figure S2: Soluble GFP staining control. Representative mid-optical sections from confocal 
microscopy of pDisplay transfected HEK293T cells immunostained for GFP-nanobody 

expression. Scale Bar =100uM 
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Figure S3: Quality control of construct cloning by Gel Electrophoresis. 
(A) Represents (from left to right)- 1- 1kb Ladder, 2-pDisplay vector linearized with SalI, 3- 
PCR product of eGFP, 4- PCR product of GFP-nanobody, 5-PCR product of mCherry. (B) PCR 
products of the inserted gene eGFP in pDisplay vector from DNA that was extracted from 
bacterial plate post transformation, to confirm the colonies that contained the desired 
plasmid insertion. 1- 1Kb ladder (2-7) Represent different colonies from which plasmid was 
extracted (C) PCR product from bacterial colonies for mCherry. 1-50bp Ladder, (2-6) 
Represent the different colonies. (D) PCR product from bacterial colonies for GFP-nanobody 
insertion. 1-50bp ladder, (2-5) Represent the different colonies. (E-F) Represent 1kb and 50bp 
DNA ladders respectively. Red arrows in all the images indicate expected band size for each 
of the inserted genes 

 
 

The positive clones were sent for sequencing to confirm insertion of our genes of 

interest in-frame with the leader sequence and the PDGFR- transmembrane domain. 

The colonies that showed a positive band were sent for sequencing to confirm 

correct insertion of gene and below are the sequence alignment results to confirm 

error-proof cloning. 
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Figure S4: Sequence alignment results to confirm correct insertion of the gene (A) GFP (B) 
mCherry (C) GFPnanobody 


