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Abstract 

Droplet microfluidics is a powerful tool to investigate cell populations.  Using droplet 

microfluidics, individual cells can be rapidly compartmentalized into distinct droplets and 

analyzed to capture cell-to-cell variation across millions of cells.  In the human body there are 

over 109 immune B-cells in circulation, each of which can encode for the expression of a unique 

antibody.  Antibodies are attractive candidates in the development of new therapeutics, but there 

are few methods capable of capturing the full diversity of antibodies generated during an 

immune response in a format that can be screened to identify promising therapeutic candidates.  

Here, I introduce a method to encapsulate over one million B-cells in microfluidic droplets and 

efficiently link the genetic sequences that encode for the heavy and light chain variable regions 

of the antibodies produced by individual B-cells.  These linked sequences can be directly 

engineered into bacteriophage to generate phage display libraries that recapitulate the antibody 

response of an organism.  My method is enabled in part by a biocompatible film-forming 

surfactant that I developed that robustly stabilizes droplets and prevents their coalescence during 

the repeated cycles of heating and cooling required to amplify DNA during polymerase chain 

reaction (PCR).  The surfactant forms a DNA-impermeable capsule around the droplet.  Other 

chemistries for the construction of capsules with tunable permeability for macromolecular 

species are also included.     
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Chapter 1: A biocompatible surfactant film for exceptionally stable microfluidic droplets 

 

Introduction 

Aqueous droplets dispersed in fluorinated oils and stabilized by fluorosurfactants serve as 

compartments for the isolation and analysis of individual nucleic acid molecules and single 

cells. Compartmentalization in droplets can enable applications such as disease diagnosis 

from trace samples in blood,1 analysis of products secreted by individual cells, directed 

evolution of enzymes,2 and investigations of differences in gene expression among 

individual members of a cell population.3  Many of these applications rely on the 

polymerase chain reaction (PCR) for the amplification of nucleic acid molecules in 

droplets.  In droplet-based PCR, the polymerase chain reaction amplifies single nucleic acid 

molecules contained within droplets, enabling highly sensitive and quantitative detection 

of DNA.5 However, the elevated temperatures and repetitive cycle of heating and cooling 

required by thermal cycling during PCR can destabilize the droplet interface and lead to 

droplet coalescence, which limits the reproducibility and resolution of droplet-based 

methods. 

Fluorinated oils commonly serve as the continuous phase in droplet-based biological 

experiments because they are poor solvents of hydrophilic and lipophilic molecules and 

thereby reduce the transfer of biological contents among droplets.  Moreover, fluorinated 

oils allow for the diffusion of gases required for the viability of encapsulated cells and are 

compatible with the polydimethylsiloxane (PDMS) microfluidic devices commonly used 

to generate droplets.  Fluorosurfactants at the interface between aqueous droplets and 

surrounding fluorinated oils provide a steric barrier to droplet coalescence and are often 

used surfactants in droplet-based microfluidics.    
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 Substantial effort has been devoted to the design of surfactants that both stabilize 

droplets in fluorinated oils and are PCR- and cell- compatible.  Tri-block copolymer 

fluorosurfactants, like FSH2-Jeffamine,4 poly(methyl glycerol)-perfluoropolyether,5 and 

commercially available PEG(PFPE)2,6 as well as di-block copolymers featuring low-

molecular weight PFPE chains and a dendritic tri-glycerol moiety,7 have been reported to 

offer improved droplet stability during PCR; however the ability of the surfactants to limit 

coalescence can be further improved.  Fluorosurfactants with charged headgroups, like 

Krytox, can stabilize droplets but are known to interfere with enzymatic and biological 

processes.8 Though polymer species can be included in the aqueous phase to passivate the 

charged headgroups,9 Krytox remains little used as a surfactant in biological applications, 

and surfactants produced by replacing the charged carboxylate group with a neutral 

moiety10 generate droplets that can nonetheless be susceptible to coalescence during 

thermal cycling.   As an alternative to surfactants, solid nanoparticles that assemble at the 

water-oil interface to form Pickering emulsions have been used to stabilize droplets.  Such 

droplets are used for cell growth and enzymatic reactions,11-14 but slow nanoparticle 

diffusion can limit the droplet generation rate15 and the emulsion remains 

thermodynamically susceptible to coalescence.  A promising alternative approach to 

stabilize droplets is through the formation of an interfacial film.16,17 Films are formed 

through extensive interactions, such as chemical bonds, among molecules at the surface of 

a droplet.  The film must be disrupted for droplets to merge and thus presents a barrier to 

droplet coalescence.  While examples of film-stabilized systems for aqueous droplets in 

non-fluorinated oils are abundant,18 film-forming systems in fluorinated oils are rare, 

despite their promise for improving biological analysis in droplets.  Thus, there is a need 
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for a versatile, biocompatible film-forming system capable of reliably stabilizing droplets.  

Such a surfactant would extend the application of droplet-based techniques and make 

droplet-based biological assays more reliable and reproducible.   

Here we introduce a versatile new film-forming surfactant system for fluorinated oils 

that is both enzyme- and cell- compatible and can be used to produce exceptionally stable 

droplets for a wide range of droplet-based biological applications.  The film results from 

covalent interactions between a custom polymer in the fluorinated phase and a diol-

containing macromolecule in the aqueous phase.  We demonstrate the capabilities of the 

surfactant system in PCR, where no droplet merging is observed, and in cell incubation, 

where encapsulated cells exhibit comparable viability to those encapsulated in droplets 

stabilized by commercially available fluorosurfactant. 

 

Synthesis of the fluorophilic copolymer 

We form an interfacial film at the surface of droplets through covalent interactions between 

a custom copolymer in a fluorinated phase and a diol-containing polymer in an aqueous 

phase.  We synthesize the custom polymer by free-radical copolymerization of boronic acid 

monomers and fluorinated acrylic monomers that enhance the solubility of the polymer in 

fluorinated oils.  Specifically, monomers N-[3-(4,4,5,5-tetramethyl-1,3,2,-dioxaborolan-2-

yl)phenyl] acrylamide and 1H,1H,2H,2H-heptadecafluorodecyl acrylate are dissolved in 

dimethylformamide and  polymerized, using azobisisobutyronitrile (AIBN) as a thermal 

radical initiator.  We then use hydrochloric acid to hydrolyze the pinacol ester that protects 

the boronic acid during polymerization.  The polymerization produces a fluorinated boronic 

acid (FBA) random copolymer, shown in Fig. 1a.  We find that the ratio of boronic acid 
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monomer to fluorinated acrylic acid monomer in the copolymer can be controlled by 

varying the stoichiometric ratio of the two monomers in the initial reaction.  To achieve 

robust film formation while ensuring good solubility of the polymer in the fluorinated 

solvent, we use a 1:4 molar ratio of boronic acid to fluorinated monomer in the copolymer. 

 

Film formation and characterization 

To prepare the FBA copolymer for use as a film-forming surfactant, we disperse the 

polymer in HFE-7500, a fluorinated oil, and dissolve polyvinyl alcohol (PVA), the other 

component of the film forming system, in water.  When the polymers in the oil and aqueous 

phases diffuse to the interface of a droplet, the two polymers react to form covalent bonds.   

The boronic acid of the FBA copolymer bonds with the 1,3-diol groups of PVA to create 

boronic ester cross-links between the polymers.19 The FBA copolymers have multiple 

boronic acid functional groups on a single chain that can interact with multiple diol 

functional groups from distinct polymers in the aqueous phase to form a crosslinked 

polymer network on the surface of droplets, as shown schematically in Fig. 1b and Fib. 1c.  

This interaction generates an amphiphilic interfacial film between the water and fluorinated 

oil. 

 To characterize the film that results from the interaction between the FBA 

copolymer and PVA at the oil-water interface, we first use a pendant drop setup to image a 

drop formed by injecting HFE-7500 solution of FBA copolymer into an aqueous solution 

of PVA.  We form a drop at the tip of the pendant drop needle and wait several minutes for 

a film to form.  Subsequent retraction of the solution in the needle results in visible 

wrinkling at the surface of the drop, which indicates the formation of an interfacial film.  
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Because the curvature of the drop is fixed by the formation of the film, by measuring the 

curvature of the interface, which is set by the balance between gravitational forces and 

surface tension, we can determine the surface tension of the liquid drop that templates the 

film.  We calculate that the surface tension of the drop prior to film formation is 13.6 ± 0.6 

mN/m for a 2wt% aqueous PVA polymer solution and a 3wt% fluorinated FBA copolymer 

solution.  By comparison, the surface tension between pure HFE-7500 and a 2wt% PVA 

solution is 14.0 ± 0.4 mN/m, while the surface tension between HFE-7500 and water is 

42.4 ± 1.0 mN/m and FBA copolymer in water is 29.2 ± 1.1.   This suggests that the droplet 

surface energy is largely determined by the PVA. 

 

Droplet generation 

We use the interaction between our copolymer and PVA to stabilize droplets generated in 

a microfluidic device.  We use a co-flow dropmaker, adjusting the flow rates to form 

droplets in a dripping regime where oil pinches off the aqueous stream,20 as depicted in 

Figure 1e.  When we use an aqueous stream of 2wt% PVA and an oil stream of 3wt% 

copolymer, we make homogeneous droplets that do not coalesce during collection.  By 

contrast, when we omit FBA copolymer, droplets quickly merge despite the low surface 

tension afforded by PVA, indicating the importance of the copolymer in the oil phase to 

droplet stability.  To check for the presence of an elastic film on droplets formed using PVA 

and FBA copolymer, we let water evaporate from droplets, decreasing the droplet volume.  

We observe wrinkling of the interface, as shown in Figure 1f, reaffirming the presence of 

the elastic film. 

 



6 
 

 

Figure 1. (a) FBA copolymer reacts with PVA to generate (b) a film at an oil-water interface formed by the (c) reaction between 
boronic acid functional groups on FBA and diols on PVA. (d) Wrinkles on the surface of a pendant drop indicate the formation of 
an interfacial film.  (e) The film can stabilize droplets produced in a microfluidic drop-maker. (f) The evaporation of water from a 
droplet produces visible wrinkling of the film.  

PCR in droplets 

To demonstrate the suitability of our surfactant for PCR, we perform PCR in droplets using 

a mixture containing PCR reagents, PVA and a fluorescent TaqMan probe that reports that 

amplification of DNA template.  The fluorescent probe is a modified DNA oligo that 

generates a fluorescent signal in proportion to the extent of DNA amplification.  We prepare 

two samples of droplets stabilized by our surfactant system.  We include 137 base pair (bp) 

DNA template in one sample and omit the template in the other sample to serve as a control.  

We thermally cycle the droplets to perform PCR.  Droplets stabilized using traditional block 

copolymer surfactant and subjected to the same cycling conditions merge substantially 

during this process.  We characterize the film-stabilized droplets using fluorescence 

microscopy.  Droplets prepared with DNA template show bright fluorescence, while 
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droplets without template exhibit only low background fluorescence.  Remarkably, we see 

no coalescence among the droplets.  Droplets exhibit uniform size as shown in fluorescence 

microscopy images of the droplets in Fig. 2a and 2b. 

 We use agarose gel electrophoresis to confirm that the desired PCR product is 

generated in droplets.  We use a commercial DNA purification kit to recover the DNA from 

the droplets.  The initial centrifugation through the silica-based matrix of the purification 

column shears the droplets and the released DNA binds to the matrix.  We elute the sample, 

electrophorese that collected DNA on an agarose gel, and visualize the result using 

ultraviolet illumination.  We observe a single band at ~137 bp matching the length of the 

expected amplicon. 

 

Figure 2. (a)FBA-PVA-stabilized droplets without encapsulated DNA following PCR thermal cycling. (b) FBA-PVA-stabilized droplets 
with and without encapsulated DNA mixed and then subjected to PCR thermal cycling. (c) FBA-PVA-stabilized droplets with 
encapsulated DNA following PCR thermal cycling. 

Cell proliferation in droplets 

To assess the compatibility of the film-forming surfactant with cells, we compare the 

viability of mammalian cells in droplets formed using the FBA copolymer system with that 

of cells encapsulated in droplets using commercially available diblock copolymer 

surfactant commonly used for cell experiments. We stain mammalian K562 cells with a 

commercially available live-dead kit, which produces a maximum fluorescent signal at a 
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wavelength of 515 nm when the cell is alive and at 635 nm when the cell is dead, and load 

the cell into droplets.  We incubate the collected droplets at 37°C, taking samples every 24 

hours to image the droplets with a confocal microscope.  For each set of imaged droplets, 

we count the number of intact live and dead cells in each of 200 droplets to determine the 

percentage of viable cells.  We find that the FBA copolymer surfactant has no immediate 

cytotoxic effects on encapsulated cells, with 97% of cells viable over the first 24 hours.  

This matches the performance of the commercial surfactant.  In both sets of droplets, we 

see only 50% viability after 48 hours, with all cells dead within 72 hours, suggesting the 

depletion of nutrient resources in the droplets. 

 

Figure 3. (a) Live cells encapsulated in droplets stabilized by the FBA copolymer system after 48 hours. (b) Comparison of the 
overall percentage of live cells in droplets stabilized by FBA versus live cells in droplets stabilized by standard PEG(PFPE)2 . 

 

Surfactant Synthesis 

We degas a mixture of azobisisobutyronitrile (AIBN; 0.0301g, .183 mmol, Sigma-Aldrich), 

N-[3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl] acrylamide (0.2g, .7 mmol, 

Tokyo Chemical Industry) and 1H,1H,2H,2H-heptadecafluorodecyl acrylate  (0.927mL, 

2.9 mmol, Tokyo Chemical Industry) in dimethylformamide (3.44mL, Sigma-Aldrich) by 

bubbling with nitrogen, and stir the mixture under inert conditions at 70ºC for 48 
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hours.  The solution typically turns turbid within an hour.  We wash the product by 

repeatedly precipitating the mixture in an excess of methanol, centrifuging, and decanting 

the supernatant.  After the final decanting step, we dry the polymer in a vacuum oven at 

70ºC overnight.  After the polymer has dried, we add it to a ~1M solution of hydrochloric 

acid (15mL) and stir overnight at 100ºC under reflux to remove the pinacol protecting group 

of the boronic acid component of the polymer.  Following deprotection, we again 

precipitate and wash the polymer in an excess of methanol.  After this purification, we dry 

the polymer overnight in a vacuum oven at 70ºC. 

 

Preparation of film components for microfluidics 

We disperse the polymer prepared above in HFE-7500 (3M) at a concentration of 50mg/mL 

by stirring the dried polymer in HFE-7500 in a sealed vial at 55°C on a hot plate overnight.  

The next day we remove the vial from the hot plate to allow it to cool and filter the 

dispersion through a 2 micron syringe filter (VWR) and into a collection vial.  We measure 

the concentration of the filtrate by aliquoting 1 mL of the solution to a tared vial, removing 

the HFE-7500 by evaporation at 60°C in a vacuum oven, and weighing the solid polymer 

left behind.  We find the concentration of polymer in the dispersion after filtering is ~___ 

mg/mL.  For the aqueous phase, we dissolve PVA (13-23k, Sigma Aldrich) in water at 1 

wt%.  

 

Device preparation and operation 

We fabricate and operate PDMS microfluidic devices according to methods detailed 

elsewhere.1 Briefly, we spincoat SU-8 photoresist (MicroChem) onto a silicon wafer 
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(University Water) and selectively cross-link regions of the photoresist with UV light, using 

a photomask to template the features.  After washing and drying the wafer, we affix it to 

the bottom of a petri dish (BD Falcon) with Scotch tape and pour mixed PDMS and curing 

agent (Dow Corning, Sylgard 184) into the dish.  We remove air bubbles under vacuum 

and cure the mixture overnight.  We cut out the resulting PDMS elastomer and peel the slab 

from the silicon wafer.  With a biopsy punch (Ted Pella), we punch holes in the PDMS slab 

at each fluid inlet or outlet.  We then plasma treat the PDMS along with a glass substrate 

and bond the two by pressing them together.  We inject Aquapel (Aquapel) into the 

channels of the device to render them hydrophobic, clear the channels by blowing with 

nitrogen, and dry the device in an oven at 65°C.  To form droplets with the device, we 

attach PE-2 tubing (Intramedic) to syringes containing the aqueous phase or phases and the 

fluorinated phase, and connect the tubing to the appropriate inlets of the device.  We attach 

PE-2 tubing to the outlet of the device for the collection of droplets in an Eppendorf tube.  

We control the rate at which fluid is injected into the device using syringe pumps (Harvard 

Apparatus). 

 

PCR in droplets 

We generate droplets containing 2wt% PVA, 1x PrimeTIME Gene Expression Master Mix 

(IDT), 1x mouse β-actin PCR primers and probe (IDT), and β-actin DNA template at ~1 

ng/µL, in a continuous phase of HFE-7500 with 3wt% fluorophilic boronic acid copolymer 

using a microfluidic device and collect the drops in a PCR tube.  We collect a second set 

of drops containing all but the DNA template in a second PCR tube to serve as a negative 

control and take an equal portion of the drops from each of the PCR tubes and combine 
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them in a third PCR tube.  We overlay the droplets in each of the tubes with mineral oil to 

prevent evaporation and subject the drops to thermocycling at 95C for 3 minutes, then 35 

cycles of 95C for 10 sec, 54C for 15 sec, and extension at 72C for 30seconds, then held at 

4C.  After cycling, we add a fraction of each droplet sample to a disposable hemocytomer 

(Bulldog Bio) and image using fluorescence microscopy. 

 

Cell preparation 

We culture K562 cells in cRPMI cell media and prepare cells for cell viability monitoring 

in droplets using a variation of the protocol from ThermoFisher Scientific’s LIVE/DEAD 

Viability/Cytotoxicity Kit for mammalian cells.  Briefly, we pellet cells from culture and 

stain the cells by resuspending the cells in a solution of calcein AM and washing with PBS 

to remove dye that has not been taken up by the cells.  We split the cells equally into two 

volumes and disperse the cells in a solution of Optiprep (Sigma-Aldrich), ethidium 

homodimer-1, and cRPMI, for cells to be loaded into droplets stabilized by PEG(PFPE)2 

surfactant (RAN Biotechnologies), or Optiprep, ethidium homodimer-1, and cRPMI with 

1wt% dissolved PVA, for cells to be loaded into droplets stabilized by the interfacial film 

formed through the interaction of the FBA polymer and PVA.  Optiprep hinders settling of 

cells during cell loading in the microfluidic device to ensure even loading of droplets, while 

the ethidium homodimer-1 stains cells red upon cell death.  We load cells into droplets 

using a microfluidic dropmaker, then incubate the droplets as collected at 37°C in a cell 

culture incubator.   

 

Conclusions 
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We have developed a new surfactant system that produces remarkably stable water-in-

fluorinated oil droplets through the formation of an interfacial film.  The surfactant reliably 

inhibits droplet coalescence, particularly among droplets exposed to numerous cycles of 

PCR.  This capability in combination with the surfactant’s enzyme- and cell-compatibility 

make it well suited for a wide variety of droplet-based biological applications that are 

traditionally difficult to perform because of droplet coalescence.  For instance, the 

stabilization of large droplets can have application in the amplification of RNA by RT-

PCR, where cells are typically lysed in droplets and the resulting cellular debris can have 

inhibitory effects at the high concentrations encountered when using small droplets.22  The 

ability to culture cells may also facilitate economical low-volume drug screening based on 

cell proliferation.23 

 The reversible boronic ester bonds formed by the FBA surfactant system can also 

be used to create interfacial film-forming surfactant systems that are stimuli-responsive.  

The film’s mechanical properties, for instance, can be tailored by adjusting the molecular 

weight of the diol-containing species to achieve capsules whose contents may be released 

under specified shear stress.  The mechanical properties of the film may also be adjusted 

by changing pH, which alters the number of boronic ester bonds formed by the FBA 

copolymer, allowing control of film formation and dissolution, and the corresponding 

capture or release of droplets contents.  The droplet surface chemistry can also be tailored 

with different diol-containing polymers, such as dextran or dopamine, or through 

interactions between boronic acid and other molecules.  Antibodies, for instance, may be 

attached to the surface through the boronic ester bonds formed between the FBA copolymer 

and the carbohydrates present on antibodies after post-translational glycosylation.  At 
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sufficiently high concentrations, small molecular weight carbohydrates can also compete 

with diol-containing polymers for boronic ester bonds formed at the droplet surface, thus 

offering a possible route to concentration-dependent dissolution of the film. 

Surfactants formed from random copolymers, like the FBA copolymer, may give 

access to new chemistries with unique characteristics.  For example, new chemistries may 

enable sensing capabilities in complex emulsions, where interactions between analyte 

molecules and surfactants can alter interfacial geometries to produce signature optical 

outputs.24, 25  Film-forming surfactants can also be used to stabilize non-spherical interfacial 

geometries, like tubes and other nonequilibrium structures, for prolonged periods of time. 

 Our FBA copolymer and PVA film-forming surfactant system forms droplets that 

are extraordinarily stable in PCR and will be of immediate interest to researchers using 

droplet-based techniques.  Further, our work demonstrates that random copolymers can be 

used for the facile production of functional surfactant films that can be tailored for specific 

industrial and research applications. 
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Chapter 2: Linked heavy- and light- chain antibody genes from the B-cell repertoire 

The human antibody repertoire comprises more than 109 different antibodies that protect 

the body from foreign antigens.57  Methods for evaluating the diversity of the antibody repertoire 

are important for understanding the response of the immune system to disease, 58 for developing 

more effective vaccines,59 and for creating new drugs.60  Novel therapeutic candidates can be 

discovered by identifying the members of the antibody repertoire that bind to specific antigens.  

Many of the best-selling drugs in the world derive from antibodies that bind to specific disease 

targets, and antibody therapies have proven critical for the treatment of disease. 

Several methods exist to screen the natural antibody repertoire for potential therapeutic 

candidates.  B-cells, each of which produces only a single type of antibody, can be individually 

fused with myeloma cells to generate antibody-secreting hybridoma cells.  These cells can be 

screened to indicate binding between antibodies and antigens; however, the conversion of B-cells 

to hybridoma cells can be inefficient, and thus the antibodies generated by hybridomas typically 

represent only a fraction of the total antibody repertoire.  To overcome challenges associated 

with the conversion of B-cells to hybridoma, B-cells from convalescent patients or from 

transgenic or unmodified animal models can be directly analyzed by isolating cells in small 

compartments and performing functional assays to assess binding.  Compartmentalizing cells in 

microwells has proven successful in capturing a portion of the antibody repertoire, but 

limitations in the number of cells that can be analyzed means that highly expressed B-cells, 

which represent only a small fraction of the total antibody diversity, are disproportionately 

profiled.  Microfluidic devices can rapidly and effectively encapsulate millions of B-cells in 

pico-liter volume droplets for functional assays. 61 Nonetheless, continuously stimulating cells 
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and performing functional assays in droplets can prove challenging and can require additional 

processing steps like sorting.   

Display methods offer an attractive alternative to cell-based functional assays for the 

identification of binding antibodies.  Among display methods, the largest number of antibody 

candidates can be screened using phage display.  Phage engineered to express antibodies 

fragments can screen libraries with up to 1011 antibodies.  Traditional methods for the 

preparation of phage display libraries produce random pairings of antibody heavy and light 

chains.  These methods encode for massive combinatorial diversity but do not accurately capture 

the heavy and light chain pairings of antibodies present in the natural repertoire.  The pairing of 

antibody heavy and light chains is critical to determining the binding affinity, specificity, and 

overall structure of an antibody; thus, preserving the heavy and light chain pairings of the natural 

antibody repertoire can be important to preserving desirable pharmacological properties, such as 

good stability and non-immunogenicity.  Individual B-cells have been isolated in microfluidic 

droplets and their antibody heavy and light chains uniquely barcoded to identify heavy and light 

chain pairings;62 however, the subsequent construction of large phage libraries requires extensive 

sequencing and nucleotide synthesis, which can prove time-consuming and expensive.  A 

promising alternative is to lyse individual cells in droplets and perform reverse transcription and 

linking polymerase chain reaction to directly link the DNA encoding for heavy and light chains 

to form single-chain variable fragment (scFvs) for panning.63  However, the process of RT-PCR 

in droplets can be inefficient, with low yields of linked product.  To fully realize the diversity of 

the natural antibody repertoire, a method for the direct and efficient pairing of antibody heavy 

and light chains is needed to construct phage display libraries that accurately represent the 
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natural antibody repertoire.  Such a method would aid in the discovery of new antibodies-based 

therapies. 

Here we present a method to convert the B-cell antibody repertoire directly and 

efficiently into libraries for single-chain variable fragment (scFv) phage display by pairing 

antibody heavy and light chains in microfluidic droplets.  We capture mRNA from B-cells lysed 

in droplets and perform separate RT and PCR steps to accurately link the genetic sequences 

encoding for heavy- and light- chains of antibodies.  The recovered DNA can be engineered into 

phage to build libraries that reflect the natural antibody repertoire.  Panning of these libraries will 

identify novel therapeutic candidates that may prove particularly useful for emerging classes of 

antibody therapies like bispecific antibodies and antibody-drug conjugates. 

 

Cell lysis and mRNA capture in microfluidic droplets 

To construct genetic libraries, we first encapsulate individual B-cells in picolitre-volume droplets 

and lyse the cells to capture mRNA on co-encapsulated compressible capture gels.  B-cells are 

harvested from transgenic mice engineered with human immunoglobulin gene segments and 

immunized against CD40 ligand, a common protein on the surface of activated T-cells.  The 

mouse immune system reacts strongly to human CD40 ligand to generate a large immune 

response.  We typically recover about 1.5 million B-cells per mouse.  We suspend the cells in 

density-matched PBS and load the cells, lysis buffer, and compressible mRNA-capture gels into 

a microfluidic droplet-making device.  Within a droplet, mRNA released by a lysed cell is 

captured on the co-encapsulated gel by hybridization of the poly-A tail of mRNA with poly-T 

oligos on the gel.  Every droplet contains with at least one gel to ensure the capture of mRNA 



17 
 

from cells.  To reduce co-encapsulation of two or more B-cells and thus help to preserve accurate 

heavy and light chain pairing, we load an average of one cell per twenty drops. 

 

Reverse transcription in bulk 

We recover gels from droplets and perform reverse transcription (RT) to covalently attach 

cDNA.  Remarkably, we find that Superscript IV reverse transcriptase can operate at salt 

concentrations as high as 175mM.  Salt ions in solution can screen electrostatic repulsions 

between the phosphate backbones of poly-T oligos and the poly-A tails of mRNA.  We therefore 

hypothesize that by performing RT in bulk at high salt concentrations we can maintain chain 

pairings.  Because heating is required for RT but elevated temperatures can increase the 

probability of chain swapping among gels, we perform RT by heating the reaction mixture 

incrementally to maintain as accurate a pairing as possible.  To evaluate the extent to which 

mRNA remains associated with gels during RT we use two sets of barcoded beads to 

respectively label cDNA from two different B-cell hybridoma lines, hybridomas A and 

hybridomas B.  We perform RT in bulk and use PCR to amplify the heavy chains associated with 

each bead.  If mRNA does not remain associated with the gel, half of the heavy chain sequences 

from a hybridoma will be associated with one barcode and half of the sequences will be 

associated with the other barcode.  Remarkably, we find that ~80% of heavy chains from 

hybridoma A, and ~60% of the heavy chains from hybridoma B are correctly barcoded.  Bulk RT 

in high salt conditions thus maintains sufficient association between mRNA and capture beads 

that heavy and light chains remain intact.  In fact, preserving chain pairing while allowing some 

swapping of mRNA among gels increases the diversity of the antibody library and thus broadens 

the collection of antibody pairs panned. 
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Linking PCR in droplets 

To link the genetic sequences encoding for the heavy and light chains of antibodies, we load gels 

recovered from bulk RT into individual droplets using a microfluidic droplet-making device, as 

shown in Figure 4, and perform linking PCR in droplets.  We control the number of gels 

encapsulated in each droplet by controlling the relative volumetric flow rates of PCR mix, gel 

suspension, and a spacer fluid of the liquid in which the gels are suspended.  We adjust the flow 

rates of the three fluid streams to maintain reaction concentrations in the droplet while changing 

the rate of gel loading.  To amplify the antibody-encoding genetic sequences attached to some of 

the gels, we include a cocktail of primers that includes linking primers.  We find than an outer 

primer to inner primer ratio of 10:1 leads to the successful assembly of linked heavy and light 

chains.  To stabilize droplets during PCR we use a film-forming surfactant.  The surfactant 

provides robustly stable droplets that do not merge during PCR, thus preserving heavy and light 

chain pairings. 

 

Figure 4.  Encapsulation of gels in a microfluidic device for linking PCR. 

 

We recover amplified DNA from droplets and perform gel electrophoresis to purify the linked 

DNA product.  We observe a strong band at 1100bp that corresponds to the linked product.  The 
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intensity of the band indicates the efficiency of amplification.  We see amplified light chain 

products and heavy chain products at 600 bp and 400 bp respectively, as shown in Figure 5. 

 

Figure 5. Gel electrophoresis of DNA product in the right lane recovered after linking PCR.  The strong band at 1100bp 
corresponds to linked heavy and light chains.  Weaker bands at ~650 and ~400 correspond to the light and heavy chains 

respectively.  1kb+ ladder is included in the left lane for reference.   

Chain pairing 

To assess the accuracy of heavy and light chain pairing, we mix hybridoma encoding for a 

known antibody sequence with B-cells isolated from immunized transgenic mice at a ratio of 

1:10.  We load the cells into droplets, lyse the cells, capture their mRNA, perform RT and join 

heavy and light chain sequences by linking PCR.  We TOPO clone the products and pick 576 

colonies for Sanger sequencing.  These colonies contain sequences that represent a small fraction 

of the total repertoire, but we find a tremendous diversity of B-cell pairings.  Of the 576 colonies 

sequenced, 431 colonies yield products with complete heavy and light chain sequences, with 370 

distinct heavy-light chain pairings.  These comprise 292 unique heavy chain sequences and 129 

unique light chain sequences.  18 of the 431 sequences contain the hybridoma heavy chain 

sequence, or which 7 are correctly paired with the correct hybridoma light chain.  Clustering of 
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the unique heavy and light chain pairings according to germline, as shown in Figure 6, the 

tremendous diversity of heavy and light chain pairings,  

 

Figure 6. B-cell repertoire diversity according to germline.  Colors indicate unique heavy-light chain pairings within a given 
germline. 

Conclusion 

We have developed a method that directly converts the antibodies present in the B-cell repertoire 

to a format that can integrated into scFv phage display libraries.  We capture the genetic 

sequences encoding for the heavy chain and light chain of antibodies from individual B-cells and 

efficiently link them in microfluidic droplets.  The resulting libraries of paired heavy and light 

chains are promising for antibody screening by phage display and can be readily extended to 

other eukaryotic display systems.  Our method can moreover be applied to investigate the 

developability of antibodies derived from the natural antibody repertoire in comparison to 

antibodies derived from synthetic combinatorial heavy and light chain pairings, and to assess the 

importance of rare B-cell clones in generating antibodies with high binding affinities.  While we 

profile B-cells derived from humanized mice, our method can be readily extended to profile B-
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cells from other sources, such as convalescent patients or cerebral-spinal fluid, and by modifying 

primer pools, libraries of other heterodimeric molecules like T-cell receptors could be generated. 
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Chapter 3: Dynamic Microcapsules with Rapid and Reversible Permeability Switching 

Encapsulation in microcapsules for the protection and delivery of active substances is 

widely employed in agriculture, cosmetics, drug delivery, detergents, and food additives, 

benefiting from separation of liquid cargo and solid encapsulant as well as high cargo content.[25–

29] Stimuli-responsive shell materials provide control over when cargo is released with triggers 

such as pH, shear, light, and temperature.[30–32] Most microcapsules are unidirectional and single-

use delivery vehicles, because of their irreversible and destructive release mechanisms through 

shell degradation or rupture; once release is initiated, it cannot be stopped or reversed.[33,34] In 

many advanced applications, however, microcapsules would benefit from the ability to transiently 

release their cargo in response to changes in their environment but remain shut of otherwise, as 

well as repeated cycling between these two states. For example, injectable therapeutic reservoirs 

that release drugs on-demand, such as insulin only under high glucose levels or anti-

inflammatories when inflammation symptoms occur in the surrounding tissue, significantly 

decrease the number of drug injections needed for treatment.[25–28] One way to achieve such 

injectable on-demand release systems is the use of dynamically responsive permeability, which is 

unattainable in common microcapsules due to their inability to reversibly and quickly adjust their 

shell’s permeability to changes in stimuli. The ability to switch between permeable and 

impermeable states further enables the capture of molecular species from the surrounding medium 

and trap them inside the capsule core. For example, water treatment and purification could benefit 

from such passive microtraps for the removal of harmful molecular species. Flat membranes 

typically employed require flux of the water through the membrane to remove these impurities, 

which is slow due to the small pore sizes needed for molecular separation.[29] Microencapsulants 

that trap molecular impurities are easier to remove, since they are orders of magnitude larger than 
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the target molecules.[30] Microcapsules with dynamically tunable permeability dispersed in waste 

water could capture molecular species in their core when the shell is permeable, trap them by 

switching permeability off, and subsequently be removed together with the trapped molecular 

impurities by simple microfiltration. The development of microcapsules that rapidly and distinctly 

change their permeability requires shell materials that alter their physicochemical properties fast 

and without rupture under the inevitable resultant mechanical stresses; most microcapsules break 

when triggered to release or upon reversal of the trigger, because of insufficient mechanical and 

chemical stability and, therefore, cannot be reloaded or used as a responding drug reservoir.[31] To 

date, however, microcapsules with reversibly trigger-responsive shell membranes directly 

fabricated around water drops have not been obtained.[37,42–48] Dynamic responsiveness in 

microcapsules would enable qualitatively new ways and possibilities for their utilization and 

employment. 

Here, we report the fabrication of robust microcapsules that exhibit a reversible, 

triggerable, non-destructive, and rapid transition between permeable and impermeable states. We 

employ the microfluidic fabrication of double emulsion drops for the direct encapsulation of 

aqueous drops in anhydride-containing monomer shells.[49,50] The anhydride serves as the 

hydrophobic acid precursor for the direct emulsion synthesis of a polymeric, acid containing shell 

around a water core. The double emulsion drops are converted to poly(anhydride) microcapsules 

with a water-core through thiol-ene polymerization. The poly(anhydride) shell hydrolyzes in its 

aqueous environment without additional chemical treatment,[38,51,52] yielding cross-linked 

poly(acid) microcapsules, as illustrated in Figure 7. The weak acidity of the thiol-ene shells with 

tethered carboxylic acids renders the microcapsules responsive to pH and ionic environment; they 

turn highly hydrophilic and permeable when swollen through deprotonation at high pH, and 
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hydrophobic and impermeable when deswollen upon protonation or ionic cross-linking. The 

trigger-responsive change in hydrophilicity of the shells is rapid, switching between permeable to 

impermeable within seconds. The trigger-responsive change in hydrophilicity of the shells is also 

reversible, maintaining the microcapsules’ structural integrity for repeated cycling between the 

two states. The molecular weight cut off and release rate is tunable over a wide range through 

tuning shell composition and mesh size, while the dynamically triggerable change in permeability 

enables the active adjustment of release in time with fast response rates; the diffusion in and out 

of the core can be repeatedly enabled and disabled with changing stimuli. Additionally, the 

mechanically and chemically robust polymeric thiol-ene network provides sufficient stability for 

repeated permeability change, enabling the microcapsules to be reloaded and reused numerous 

times, as demonstrated by repeated capture-trap-release cycles. 

To form the stimuli-responsive polymeric networks in the microcapsule shell, we employ 

multifunctional thiols and olefins as monomers in a thiol-ene step-growth polymerization. For the 

synthesis of the poly(anhydride) networks, pentaerythritol tetra(mercaptopropionate) (PETMP) as 

a tetrafunctional thiol is polymerized with the difunctional co-monomers triethyleneglycol 

divinylether (TEGDVE) as a permanent cross-linker and pentenoic anhydride (PenAn) as a 

transient cross-linker and acid source, as depicted in Figure 7. The thiol-ene monomers are water 

immiscible liquids and used as the oil phase in W/O/W double emulsion drops to fabricate 

microcapsules with cross-linked poly(anhydride) shells. Capsules with low, medium, and high 

anhydride content are fabricated with co-monomer ratios of 6:1, 2:1, and 4:6, respsectively, 

between the permanent cross-linking agent TEGDVE and the hydrolyzable PenAn, to study the 

influence of composition on the microcapsule properties. Higher anhydride content yields 

microcapsules with lower cross-links and higher charge density upon hydrolysis. 
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Homogenous W/O/W double emulsion drops are fabricated in glass capillary microfluidic 

devices.[53,54] Microfluidics drop making enables the production of microcapsules with virtually 

complete encapsulation and precise control over diameter and shell thickness.[53,55] The devices 

consist of two cylindrical capillaries with hydrophobic and hydrophilic surface treatment for inlet 

and outlet, respectively; they are inserted into opposite ends of a square capillary. Double emulsion 

drops are formed between the tapered tips of the inlet and outlet capillaries and the monomer shell 

is polymerized by exposure of the double emulsion drops to UV light immediately after formation. 

The resultant water-dispersed microcapsules with a hydrophobic polymer shell surrounding an 

aqueous core exhibit homogenous size with low polydispersity and tunable shell thickness that is 

controlled by the flow rates and device design. 

 

Figure 7. Schematic of water-in-oil-in-water double emulsion drops, and conversion to poly(anhydride) and reversibly responsive 
poly(acid) hydrogel microcapsules. 
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The transient anhydride cross-linker hydrolyzes with water to form two tethered carboxylic 

acid groups embedded within the polymeric shell network. Hence, the hydrolysis of the anhydride 

causes an increase in mesh size of the polymeric network as illustrated in Figure 7. The increase 

in mesh size is accompanied by a change in hydrophilicity of the polymer network due to the 

formation of polar carboxylic acid functional groups. Before hydrolysis, the poly(anhydride) shells 

are impermeable to small hydrophilic molecules such as the fluorophore sulforhodamine B. Upon 

hydrolysis, the resulting poly(acid) network exhibits an increased mesh size and hydrophilicity, 

causing the shell to swell with water and allow sulforhodamine B to diffuse through the shell 

membrane out of the aqueous core, enabling its use as a fluorescent probe to indicate the 

completion of the shell’s hydrolysis. The time it takes to fully hydrolyze the shell is tunable 

through its chemical composition, thickness, and the pH of the surrounding aqueous medium, 

enabling precise control over release time from the poly(anhydride) microcapsules. To 

demonstrate the control over hydrolysis rate through composition, we fabricated microcapsules of 

similar size but with different anhydride content. They are loaded with sulforhodamine B and 

exposed to phosphate buffered saline (PBS) with a pH of 7.4. Capsules with high anhydride content 

are hydrolyzed completely to poly(acid) hydrogel microcapsules within 2 days as indicated by the 

release of sulforhodamine B. After the same time, only some of the microcapsules with medium 

anhydride content are hydrolyzed, while none of the microcapsules with low anhydride content 

have released their fluorescent cargo. For these microcapsules up to 4 and 6 days, respectively, are 

required to fully hydrolyze the shells to poly(acid) networks and release the encapsulated 

sulforhodamine B, as shown in Figure 8b. The trend of faster hydrolysis rate with higher anhydride 

content is due to the networks surface-initiated hydrolysis.[51] The amount of water at the 
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advancing hydrolysis front and hence the hydrolysis rate is higher for materials with higher acid 

content after conversion.  

The hydrolysis of the poly(anhydride) to poly(acid) microcapsules is further confirmed 

using IR-spectroscopy. The conversion of the anhydrides to carboxylic acids introduces hydroxyl 

groups that yield a broad absorption band in the IR spectrum at wavenumbers above 3100 cm-2. 

Microcapsules with higher anhydride content exhibit larger absorption in this OH-stretching region 

of the IR spectrum after hydrolysis, as shown in Figure 8c. Shell thickness of the poly(acid) 

hydrogel microcapsules is tunable between a few microns to tens of microns depending on drop 

fabrication design and flow rates, as shown in the scanning electron microscopy images in 

Figure 8d-f. The aqueous core is not centered in the double emulsion drops and the resulting 

capsules due to the density mismatch with the monomer shell, leading to asymmetric 

microcapsules with non-uniform shell thickness that is particularly apparent for thick-shelled 

capsules (Figure 8e,f). For example, microcapsules with a core-to-shell volume ratio of 4 exhibit 

a shell thickness of 5 and 15 μm on the thin and thick side of the capsule, respectively. 
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Figure 8 Properties of poly(pentenoic acid) microcapsules at various pH. (a) Size distribution of microcapsules with high (A-1), 
medium (B-3), and low (C-2) cross-link density before (as-made) and after hydrolysis at indicated pH values.  Values and error bars 
represent geomentric average and standard deviation, respectively, of three to 30 microcapsules measured. (b)Time-resolved 
bright field optical micrographs of poly(pentenoic acid) microcapsules with medium acid content (B-2) upon pH change from 5 to 
9.5. Timestamp corresponds to time of borate buffer (pH=9.5) addition. Scale bars are 200 micron. (c,d) Bright field (1st, 3rd) and 
laser confocal fluorescence (2nd, 4th, 5th) micrographs of poly(pentenoic acid) microcapsules with (c) medium acid content (B-3) 
and (d) high acid content (C-2) in acidic (1st, 2nd) and alkaline (3rd-5th) media challenged with fluorescently labeled dextran with 
indicated molecular weight.  Scale bars are (c) 200 micron and (d) 100 micron. 
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The onset of cargo release from the poly(anhydride) microcapsules is also controllable by 

the pH of the surrounding aqueous medium, since hydrolysis is accelerated catalytically in acidic 

and basic conditions. Microcapsules with medium anhydride content hydrolyze within hours at 

pH 11, but take days at pH of 2, and exhibit the slowest hydrolysis rate and release time in non-

catalytic DI-water with an initial pH of 5. The hydrolysis and release time is further controlled 

with the shell thickness; thicker shells take longer to fully hydrolyze and become permeable for 

microcapsules with the same composition and under the same pH conditions. Hence, the start of 

the release of aqueous cargo is from the poly(anhydride) microcapsules is independently tunable 

over a wide range of time, between hours and days, through chemical composition, shell thickness, 

and pH. 

The hydrolyzed microcapsules are reversibly stimuli-responsive, enabling dynamic control 

over their size and permeability. The hydrolyzed shells contain tethered carboxylic acids that 

render them responsive to external triggers such as pH and ionic environment. At neutral and low 

pH, the polyacids are protonated and the microcapsule shells are hydrophobic. With increase of 

the pH in the surrounding aqueous medium, the acid groups are deprotonated yielding charged 

polyelectrolyte networks that swell significantly with water; the result is an increase in shell 

volume and microcapsule size. The increase in capsule size is not predominantly driven by an 

increase in shell thickness but is caused by the in-plane expansion of the hydrogel shell that 

significantly increases the capsule’s surface area. Thus, the microcapsule size increases to 

accommodate the difference in its surface area imposed by the swelling of the hydrogel shell. In 

contrast, common microgels swell homogenously in the entire volume of the hydrogel 

microparticle. The thiol-ene poly(acid) hydrogel microcapsules exhibit a significant difference in 

size between a pH of 9 or higher and a pH of 7 or below, indicating the threshold pH for the 
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hydrophilicity switch. The difference in size is controlled by the cross-link density, with larger 

swelling for lower cross-link density. Microcapsules with low cross-link density and high acid 

content demonstrate a factor of 2.3 difference in diameter between pH 7 and 11, corresponding to 

more than one order of magnitude difference in volume, as summarized in Figure 9a. Despite the 

significant difference in size between low and high pH conditions, the size dispersity of the 

microcapsules in the swollen and non-swollen states remains low. 

The trigger-responsive swelling of the hydrogel shell occurs rapidly upon deprotonation in 

alkaline conditions. The surface area of the capsule significantly increases within seconds due to 

the swelling of the shell in the spherical plane, while the water core volume is initially unchanged; 

the result is a buckling of the microcapsules immediately after an increase in pH due to the 

mismatch of surface area to volume of the capsules. The diffusion of water into the capsule core 

to accommodate the significantly expanded surface area is slow, taking minutes for the cores to be 

fully filled with water and restore the spherical shape of the microcapsules after a pH-triggered 

swelling of the shell, as shown in Figure 9b. Time-resolved microscopy images of microcapsules 

during the change from their unswollen state in DI-water to their swollen state at pH 9.5 exhibiting 

the initial buckling of the shell and ultimate recovery are shown in Figure   

The pH-dependent degree of swelling and hydrophilicity allows dynamic control over the 

permeability of the shell. Deprotonated, swollen microcapsules exhibit higher permeability than 

in their protonated, non-swollen state. The molecular weight cut-off (MWCO) of substances below 

which the poly(acid) shells are permeable in the swollen and non-swollen states is tunable through 

the cross-link density. The water uptake and size increase of the microcapsule shells, the MWCO 

increases with decreasing cross-link density due to a larger mesh size in the polymeric network. 

For example, microcapsules with medium cross-link density are impermeable to fluorescently 
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labeled dextran with a molecular weight of 4.4 kg mol-1 at pH 4, but the same microcapsules are 

permeable to molecular weights up to 10 kg mol-1 at pH 9.5, as shown in the confocal fluorescence 

microscopy images in Figure 9c. In comparison, microcapsules with low cross-link density are 

impermeable to dextran with a molecular weight of 20 kg mol-1 in their non-swollen state in acidic 

media, but permeable to molecular weights up to 70 kg mol-1 when swollen at high pH, yet remain 

impermeable to larger molecular weights at any pH, confirming that the capsules are free of larger 

defects or ruptures, as shown in Figure 9d. Microcapsules with high cross-link density are 

impermeable to macromolecules at any pH, but demonstrate pH and solute size dependent 

diffusion rates of small sugar molecules. To assess their permeability, the highly cross-linked 

microcapsules are exposed to sugar solutions of high concentration at various pH. The resultant 

osmotic pressure causes an immediate water diffusion from the capsule core to the surrounding 

sugar solution; the result is a buckling of the microcapsules due to the decreased core volume while 

keeping the surface area unchanged. The lower the permeability of the shell membrane to the 

sugar, the longer it takes to equilibrate the osmolarity inside and outside of the capsule, and hence 

the time until its spherical shape is restored.  

The pH-dependent swelling and associated permeability change is reversible, which 

enables the use of these capsules for more advanced functions than the common single-use, uni-

directional delivery applications. Release profiles that adapt to a changing environment can be 

obtained with microcapsules that sense their surrounding and modify their permeability in 

response to changes. Additionally, manipulation of the microcapsules environment allows active 

on-off switching and release control, as schematically shown in Figure 9a. The dynamic change of 

the permeability triggered by a change in pH is utilized to temporarily interrupt the release of cargo 

from the capsules, demonstrating active and repeated on-off release manipulation of the 
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microcapsules by an external trigger. Capsules with medium cross-link density are loaded with 

fluorescein-labeled dextran with a molecular weight of 10 kg mol-1 and successively exposed to 

basic and acidic conditions, while the absorbance of the supernatant is measured to assess the 

release of the encapsulated dextran over time. During exposure of the microcapsules to alkaline 

conditions, the absorbance of fluorescein in the supernatant increases continuously over 10 mins, 

demonstrating release of the fluorescent cargo. Upon acidification of the aqueous medium, the 

absorbance of the supernatant barely changes for over 45 mins, while it significantly increases 

again over the next 10 mins when the pH is switched back to 9, as shown in Figure 9b. This process 

can be repeated for another cycle, interrupting and continuing the release of the dextran again with 

acid and base, respectively. The peak absorbance of the supernatant over time under cycled pH 

conditions is shown in Figure 9b. The repeated and rapid on-off switching of the release 

demonstrates the dynamic responsiveness to control the shell permeability without destruction of 

its structural integrity. Such active sensing and manipulation of their release profiles has not 

previously been achieved in microcapsules which commonly employ destructive release 

mechanisms.    

Since the change of the permeability is non-destructive, cargo can be loaded into the 

capsules while permeable at high pH, trapped in the capsules at low pH, and successively released 

again at high pH. Capture, trap, and release of cargo molecules in the dynamically responsive 

microcapsules is visualized using fluorescently labeled dextran with molecular weight of 

10 kg mol-1. The probe diffuses into the dynamically responsive capsules in alkaline conditions 

and stays trapped inside when the capsules are transferred to acidic conditions. After increase of 

the pH, the dextran is fully released from the capsules over a period of 20 minutes, as summarized 

in Figure 9c. The time for capture and release depends on the diffusion rate through the shell 
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membrane; small molecules diffuse faster. The same poly(acid) shells are impermeable to 

4.4 kg mol-1 dextran for days at low pH, but diffusion into the capsules is completed within 

2 minutes when the pH is changed to 9.5, as shown in Figure 9d. The shells become impermeable 

again within seconds after the pH is switched to 4, exhibiting no release of the trapped dextran 

immediately following acidification of the surrounding liquid. Time resolved fluorescent confocal 

microscopy images of the blocking, capture, and trapping of 4.4 kg mol-1 dextran are summarized 

in Figure 9d. The fast response time and the significant change in permeability of the capsules is 

due to a substantial difference in hydrophilicity between the protonated, and the deprotonated ionic 

state of the polymer networks. The permeability of the protonated state is so low that it takes hours 

for the microcapsules to reach their non-swollen size due to the very slow diffusion of water from 

the core through the hydrophobic shell. We associate the robust mechanical properties of the 

capsules, and their ability to withstand the significant stresses that evolve during this deswelling, 

to the very homogeneous polymeric networks obtained from thiol-ene chemistry.[32]  

In addition to pH, the poly(acid) hydrogel microcapsules are responsive to changes in their 

ionic environment. Multivalent cations such as calcium(II) physically cross-link deprotonated 

poly(acids). In alkaline conditions, the addition of calcium chloride leads to deswelling of the 

hydrogel shells and associated permeability change, similar to the demonstrated dynamic response 

to acid. Fluorescently labeled 4.4 kg mol-1 dextran is captured in microcapsules with medium 

cross-link density at a pH of 9.5, and trapped for hours at the same pH upon addition of 0.1 molar 

calcium chloride that causes a decrease in capsule size, as shown in Figure 9e. The calcium is 

removed from the hydrogel by the addition of a competing chelating agent such as 

ethylenediaminetetraacetic acid (EDTA) causing reswelling of the microcapsules with associated 

MWCO increase. After addition of excess EDTA, the trapped dextran is released, and the capsules 
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size increases again. The calcium-response enables the same capture-trap-release capability of the 

poly(acid) microcapsules for changes between acidic and alkaline pH conditions, but without pH-

change, as summarized in the fluorescence confocal microscopy images in Figure 9e. 
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Figure 9 Dynamically responsive permeability of poly(pentenoic acid) microcapsules with medium acid content. (a) Schematic 
representation of reversible, responsive on/off release (top) and capture-trap-release cycle (bottom). (b) Time-resolved 
absorption of supernatant over microcapsules (B-2) loaded with FITC-labeled dextran (10 kDa) during pH-triggered on-off 
release.  Peak absorption of fluorescein in acidic (HCl, 440 nm) and alkaline (NaOH, 493 nm) conditions is plotted.  (c,d) Laser 
confocal fluorescence micrographs of microcapsules (B-2) during pH-triggered capture-trap-release (c) and reject-capture-trap 
(d) cycle of fluorescently labeled dextran (c: 10 kDa; d: 4.4 kDa) at indicated conditions and times. (e) Laser confocal 
fluorescence micrographs of microcapsules (B-3) during calcium-triggered capture-trap-release of fluorescently labeled dextran 
(4.4 kDa) at indicated conditions and times with respective size distribution of each step (right).  All scale bars are 200 micron.  
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The dynamic permeability that switches within seconds enables the microcapsules to 

transiently release cargo with actively induced interruptions to the release by controlling the 

environmental pH or ionic species. The release rate is controllable through molecular composition 

of the microcapsules, enabling their precise task-specific tunability. Due to their small size, 

microcapsules can be used as injectable drug reservoirs that release their aqueous cargo only under 

predetermined conditions with precisely tunable rates. Furthermore, species that produce 

therapeutics on-site such as enzymes, proteins, or even cells can be directly incorporated and 

hosted in the microcapsule core since it is unperturbed liquid water physically separated from the 

encapsulation material. The species could be protected from certain immune responses by the shell 

membrane, while their supply of substrate molecules and release of products is controlled by their 

environment, enabling on-demand and on-site production of therapeutics. Furthermore, the 

dynamic microcapsules can repeatedly capture molecular species from their surrounding aqueous 

medium with size selectivity and trap them without leakage, enabling new methods for passive 

and active water treatment and purification with facile removal of molecular impurities by 

microfiltration or gravitational settling. 
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Appendix 

Standard operating procedure for the generation of paired-chain libraries 

 

STEP 1 - Cell lysis and mRNA capture 

 

Reagents 

2x lysis buffer. 

Promega N2615 “RNAase Inhibitor”. 

PE2 tubing. 

Blunt needles. 

Syringes. 

PolydT capture gels. 

Cell-lysis microfluidic devices. 

Long needle: Air-Tite Hypodermic Needles. Size 22G-3 inch. Reference Number: 8300014470. 

Wash buffer (WB): 1X TE with 20 mM NaCl (wash buffer – “WB”). We use IDT (Integrated 

DNA Technology) TE (10 mM Tris, 0.1 mM EDTA, pH 8.0) because it is low in EDTA relative 

to other commercial vendors (0.1 mM vs 1 mM). We add NaCl to 20 mM final concentration to 

make the gels more visible. 

5% PVA in water (prepared according to SOP, stored at room temperature).  
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Syringes 

Syringe 1: HFE7500 with 2% RAN surfactant (RAN surfactant is essentially a molecule with 

two ends – one hydrophilic and one fluorophilic. These molecules orient themselves at the 

interface between the water droplets and the oil and prevent droplet merging.  

Syringe 2: Syringe 2 is the Spacer and is loaded with 1 mL 2x lysis buffer containing 2% final 

concentration Promega RNAse inhibitor. Lysis buffer has detergents to lyse cells and is high salt 

to ensure mRNA is captured by oligo-dT-decorated capture gels.  

Syringe 3: Gels (oligo-dT-decorated) in 2x lysis buffer+ 2% final concentration Promega RNAse 

inhibitor (part#N2615). 

Syringe 4: Cells in PBS + 5 mM EDTA and 16% (V/V) optiprep. The EDTA reduces cell 

aggregation and the Optiprep increases the density (mass/volume) of the solution to slow cell 

sedimentation. 

 

Standard syringe loading method:  

Unless otherwise noted, syringe-loading follows the same general procedure. The below method 

minimizes bubbles in the syringe. When very small samples are loaded, HFE7500 oil with no 

surfactant can be used to push the sample through the syringe and tubing void volume.   

i. Open a sterile syringe of desired volume, set it down.  Use a pipetteman to draw 

desired volume into a pipette tip. Place the tip into the upturned syringe opening. 
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ii. Place the tip into the upturned syringe opening and use the fingers of your 

syringe-holding hand to hold the pipette tip firmly in the syringe opening. 

iii. Eject the tip from the pipettor while holding the tip in the syringe opening. 

iv. Use the syringe plunger to draw the liquid from the tip into the syringe. 

Discard tip. 

Note: When very small samples are loaded, HFE7500 oil with no surfactant can 

be used to push the sample through the syringe and tubing void volume. In this 

case, syringe-loading is: 

 

Syringe loading with oil method: 

 i. Open a sterile syringe of desired volume, set it down. Use a pipetteman to draw 

HFE7500 oil (without surfactant) into a pipette tip (generally, this is roughly 300 

uL).  

ii. Place the pipette tip into the upturned syringe opening and use the fingers of 

your syringe-holding hand to hold the pipette tip firmly in the syringe opening. 

iii. Eject the tip from the pipettor while holding the tip in the syringe opening. 

iv. Use the syringe plunger to draw the liquid from the tip into the syringe. 

v. Holding the syringe vertically with the opening upward, use the plunger to 

adjust the volume in the syringe so that the oil level reaches 3 mm below the edge 

of the syringe opening.  
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vi. Place the syringe in a tube rack to hold it vertical with the opening up.  

vii. Use a pipetteman to draw desired volume of sample into a pipette tip. Place 

the tip into the upturned syringe opening and use the fingers of your syringe-

holding hand to hold the pipette tip firmly in the syringe opening. The end of 

pipette tip should just touch the oil in the syringe.  

iix. Eject the tip from the pipettor while holding the tip in the syringe opening. 

ix. Use the syringe plunger to draw the liquid from the tip into the syringe. 

Discard tip. 

 

 

Reagent preparation 

Prepare 2 ml PBS+ EDTA+ 16% optiprep (vol/vol final) mix: Add 320 ul filtered (0.45 uM 

syringe filter) Optiprep to 1780 ul PBS+5mM EDTA. Keep on ice.  

Gels: Wash gels once with 3x lysis buffer, then 2x with 2x lysis buffer. Once gels are washed, 

remove most of liquid until you have just a fat band of gels at the bottom. 

Needles with tubing: Affix ~30 cm piece of PE2 tubing to each of four blunt syringe needles. 

Note: tubing length depends on pump placement relative to the microscope, so you may need 

more than 30 cm.  

 

Syringe preparation 
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Syringe 1: Use syringe loading method to load a 5mL syringe with 4 mL HFE7500 with 2% 

RAN surfactant.  Affix a blunt needle with tubing to the syringe and mount the syringe in the 

pump.  

Syringe 2: Syringe 2 is the Spacer. Add 20 uL Promega N2615 RNAse inhibitor to 1 mL 2x lysis 

buffer. Load this into a 1 mL syringe according to syringe loading method above. Affix a blunt 

needle with tubing to the syringe and mount the syringe in the pump.  

Syringe 3: Gels in 2x lysis buffer+ 2% final concentration Promega RNAse inhibitor. Load gels 

into a 1mL syringe as follows:  

1. Following fabrication, gels are in TBSET buffer. Pellet desired amount of gels at 5k rcf 

for 30 seconds. 

2. Remove TBSET supernatant and resuspend the gels in ~ 700 ul 3x lysis buffer. Pellet 

gels by centrifugation at 5k rcf for 30 seconds and remove supernatant.  

3. Resuspend the gels in ~ 700 ul 2x lysis buffer. Pellet gels by centrifugation at 5k rcf for 

30 seconds and remove supernatant.  

4. Resuspend the gels in ~ 500 ul 2x lysis buffer and add 10 ul Promega RNAase inhibitor 

and mix. Pellet gels by centrifugation at 5k rcf for 30 seconds and remove supernatant to 

leave a pack of gels at the bottom of the Eppendorf tube. 

5. Connect ~2 meters of tubing to a 30 mL syringe.  The length of tubing can be changed 

depending on the number of gels to be injected. 

6. Insert the end of the tubing into the packed gels and draw on the 30 mL syringe to pull as 

many gels as possible into the tubing, making sure that the gel pack pulled into the tubing 

contains no air bubbles.  This will take several minutes.  Stop drawing on the 30 mL 
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syringe when not-quite all of the gels are in the tubing. You do not want any air in the 

open/free end of the gel-containing tubing. 

7. Fill a 1mL syringe with 900 uL of HFE-7500, affix blunt needle, and use syringe plunger 

to prime the syringe and needle. 

8. Insert the needle of the HFE-7500-containing syringe into the free end of the tubing.  The 

HFE will push gels into the device during operation. 

9. Remove the 30 mL syringe from the gel-containing tubing. The region of this tubing that 

is closest to the 30 mL syringe will contain only air. Use scissors to cut this tubing in the 

air-containing region, and near (~1 inch away from) the gel-containing region.  

10. Mount the 1mL syringe, connected to the gel-filled tubing, to a syringe pump, prime the 

tubing and turn off the pump.  Note: The gel pack is very viscous, so gels will continue to 

flow for a few moments after pump is stopped. 

Syringe 4: Cell syringe: Cells in syringes are at 400,000/mL in the cell syringe. These are diluted 

to 200,000/mL in the droplets. We use ~500 pL droplets (100 micron diameter), so this is ~one 

cell/ten droplets.  

Pellet cells 90 sec at 1000x g in Eppendorf and resuspend to ~900,000 cells/mL in 950ul freshly 

filtered (0.45um) PBS/EDTA/16% (V/V) optiprep. Pass through 40 uM strainer into 50mL 

conical (get Eppendorf-size filters for the future) and rinse strainer with an additional 950ul 

PBS/EDTA/16% (V/V) optiprep to make cells final concentration 400,000/mL.  

Affix a blunt needle with tubing to the syringe and mount the syringe in the pump.  

Prime the tubing and attach tubing to dropmaking device.  
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Use the pumps to sequentially prime each syringe and insert the affixed tubing into the device. 

Start with Syringe 1 (oil). Run the syringe pump at 4mL per hour until liquid reaches the end of 

the tubing and then quickly stop the pump. While doing this, watch tubing closely. You want to 

expel all air from the tubing but not your samples out of the tubing. It is better to lose a few 

droplets of oil or sample than to start dropmaking with air in the tubing. After priming, insert the 

tubing into the correct device inlet (see below). Repeat priming and insertion procedure for 

Syringes 2-4.  

After all Syringe tubes are connected, insert a PE2 tubing (~30 cm length) into the Device Exit 

punch hole. Place the other end of this tubing in a 1.7 mL Eppendorf tube that is on ice and 

contains ~200 ul of HFE7500 with 2% surfactant. The tubing exit should be submerged in this 

oil to minimize droplet exposure to dry collection tube walls, which can cause merging.  

 

 

Lysis/capture drops generation 
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1. After all tubing is connected start the oil flow first, then spacer, then gels, and then the cells. 

Use the flows in the table below. Collect into 1.7 ml tubes on ice.  

2. Monitor dropmaking with camera to watch for proper droplet size and no gel or cell 

aggregation.  

3. Transfer exit tubing to fresh 1.7 mL Eppendorf that has ~200 ul of HFE7500 with 2% 

surfactant and collect on ice. 

 

   Syringe:  Flow Rate  

1: HFE-7500    2500 uL/hr 

2: Spacer – 2x lysis buffer+RNAasin   350 uL/hr 

3: Gels in 2x lysis buffer+ RNAasin   250 uL/hr  

4: Cells in PBS + 5 mM EDTA and 16% optiprep at 400,000/mL    600 uL/hr  

  

Gel release from droplets: 

After collection, lysis droplets will be in several 1.7 mL Eppendorf collection tubes. The gels are 

denser than the cHSR and less dense than the HFE oil and the PFO. Thus, gels will settle (or 

arrive by centrifugation) at the interface of the oil and aqueous phases.  

 Perform the below for each tube.  

 

Reagents: 
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1. Complete HSR (cHSR):  We use cHSR to wash gels. The cHSR is high in salt 

(500mM) to ensure that the mRNA remains bound to the polydT capture gels. To ensure 

the buffer is compatible with PCR, it is low in EDTA (0.1 mM) and has no detergents.  

We make cHSR by combining 4.95 mL HSR with 50 uL RNAase inhibitor (Promega 

N2615) to yield a 1% final concentration of RNAse inhibitor 

 

2. PFO (Perfluoro-octanol): We use PFO to break emulsions. The RAN surfactant is 

more soluble in PFO than it is in HFE7500. The PFO essentially pulls the surfactant off 

the droplet interface and causes drops to merge.  Prepare this by adding one volume of 

PFO to five volumes FE7500. 

  

 3. Neat HFE-7500. 

 

Steps: 

 

1. Remove the oil below the emulsion in each tube using a long needle (Air-Tite 

Hypodermic Needles; Size 22G-3 inch; Reference Number: 8300014470) attached to 

a 3- or 5 mL syringe.  This step removes excess RAN that is not absorbed to the 

emulsion interface. 

 

2. Add ~1 mL of neat HFE to each tube and gently invert the tubes to mix.   
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3. Spin the tubes at 5k rcf for 30 seconds.  Remove the oil from the bottom of the tubes 

with the long needle syringe.  The HFE serves to dilute RAN at the interface of the 

drops, making drops more likely to merge. 

 

4. Add 1ml of 10% PFO in HFE 7500 and 400uL of cHSR to each tube and invert to 

mix. 

 

5. Spin the tubes at 5k rcf for 30 seconds to merge all drops.  The PFO destabilizes the 

emulsion and drops merge under centrifugation to release gels into the cHSR.  There 

will now be an interface between the oil, which contains PFO and RAN, and the less 

dense cHSR supernatant aqueous phase, which contains gels and sits atop the oil 

phase. The gels, which are more dense than water, will settle in the bottom portion of 

the supernatant. 

 

6. Place a 70 um strainer in a 15 mL conical Falcon tube. 

 

7. Resuspend the gels in the supernatant by gently pipetting the aqueous phase.   

 

8. Pipet the supernatant with resuspended gels onto the 70 um strainer.  This step 

removes large cellular debris from the aqueous phase. 
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9. Wash the oil-water interface of each of the 1.7 mL Eppendorf tubes:  Add ~500 uL 

cHSR, pipet up and down gently, and then pipet these gels onto the strainer to collect 

all gels. Repeat this for each of the 1.7 Ml Eppendorf tubes.  

 

10. Wash the strainer surface with 500 uL of cHSR.  The Eppendorf tubes can now be 

discarded. 

 

11. Pellet gels in swinging bucket rotor at 3k rcf for 1 minute. 

 

12. Remove most of the supernatant, leaving ~200 ul on top of gels. Resuspend gels and 

transfer them to a fresh 1.7 mL Eppendorf.  

 

13. Wash the 15 mL conical with ~ 1 mL HSR and add these gels to the 1.7mL 

Eppendorf.  

 

14. Pellet gels at 5000xg for 30 sec and remove the supernatant. These gels are ready for 

bulk reverse transcription. 
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Step 2 - Reverse transcription in bulk 

 

Reagents 

500 mM NaCl in water.  

Superscript IV Reverse transcription reagents (5X SSIV buffer, 100 mM DTT, SSIV enzyme) 

10 mM dNTP mix (10 mM each) 

RNAase Inhibitor (Promega N2615) 

 

Notes 

If the number of cells processed is between 400,000 and 1e6, we perform reverse transcription in 

an 800 uL volume. Scale this according to the number of cells processed. 

After cell lysis, mRNA capture, and gel washing, the gels are in buffer containing 500 mM NaCl.  

It is essential that the NaCl concentration is kept at ~170 mM to ensure that mRNA remains 

associated with the gel onto which it was captured.  

The below volumes assume that the number of cells processed is between 400,000 and 1e6. 

Assemble the 800 ul RT reaction as shown below, in the written order.  Split the 800 uL into 

eight 100 uL reactions prior to RT. To maintain the gels in high salt while we assemble the 

reaction, we set up all reagents except the gels in a separate tube, then add this mixture to the 

gels. All reagents are kept on ice.  
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Steps 

1. Weigh the tube containing the washed gels to determine the volume of gel/buffer solution and 

record as “X” below. We assume that one ug = one uL, so the volume of the gel/buffer mix is 

equal to its mass.  

Mass of Gels in cHSR = “X” ug; volume is “X” uL.  

2. Calculate the amount of 500 mM NaCl in water required for the reaction. An 800 ul reaction 

requires 272 ul of 500 mM NaCl to have a final concentration of 170 mM. Thus, we calculate the 

amount of 500 mM NaCl to add to an 800 uL reaction as: 272 ul – X (the volume of gels) = 

volume of 500 mM NaCl to add.  

In this experiment, we had 200 ul gels in 500 mM NaCl; thus the volume of 500 mM NaCl to 

add is: 

(272 uL total 500 mM NaCl) – (200 uL gels in cHSR) = 72 uL 500 mM NaCl.  

Enter this number for the 500 mM NaCl volume in the table below.   

 

3. Calculate the volume of dH2O required. This is: 280 uL – (the volume of 500 mM NaCl  

calculated above). In this experiment, it is: 280 uL – 72 uL 500 mM NaCl = 208 uL of dH2O . 

Record this number in the “dH2O” place in the table below.  

4. In a 1.7 mL Eppendorf, combine the reagents in the table below. Add this to the gels, mix well 

by pipetting, then dispense into 8 PCR tubes on ice, ~100 ul/tube.  
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Reverse transcription Cocktail lacking gels Volume for cocktail of 800 ul total volume 

dH2O 208 

500 mM NaCl 72 

5x SSIV RT buffer       160 

100 mM DTT        40 

dNTP (10mM each) 40 

RNAase Inhibitor  40 

Superscript IV     40 

Combine the above in one 1.7 mL Eppendorf tube on ice.  

Volume of gels in cHSR 200 

total 800 

 

Cycling protocol (Orchid) 

20 minutes @ 30°C  

20 minutes @ 37°C  

20 minutes @ 55°C  

Hold 4C.  
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Wash gels into 1X TE with 20 mM NaCl (wash buffer – “WB”)  

1. Pool the RT reactions into one 1.7 mL Eppendorf tube.  

3. Wash the RT tubes serially with the same 200 ul aliquot of WB and add to the collection tube.  

5. Pellet gel-containing Eppendorf tube at 5000xg for 45” and remove sup. Note: gels may be 

pinned to the tube side, not all in a neat pellet in tube bottom. Take care to leave all gels in tube 

when removing sup. It is better to leave some liquid behind than to remove gels.  

6. Resuspend the gels with 600 uL WB. 

7. Centrifuge at 5000xg for 30” and remove sup.  

8, Resuspend the gel pellet with 600 ul WB, centrifuge at 5000xg for 30” and remove sup. 

9.  Resuspend the gel pellet with 600 ul WB, centrifuge at 5000xg for 30” and remove most of 

the sup, leaving about ~200 ul volume of gels+buffer in the tube.  

10. Weigh tube to determine volume of gel pack. It was 196 ug. Store at 4 degrees Celsius. Do 

not freeze! Frozen gels aggregate and cannot be loaded into PCR droplets consistently.   
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Step 3 - Perform In-Droplet assembly PCR: 

 

Reagents 

5% PVA in water. Keep this at room temperature. 

 

Notes 

Primer mixes are prepared according to Primer Dilution Document.  

We use the outer primers VH forward and the VK reverse, at high concentration relative to the 

inner primers, VH reverse and VK forward.  

We split the PCR reaction components into separate syringes because PCR buffer causes gels to 

aggregate.  

Syringe One (the “2x PCR buffer syringe”) contains Q5 PCR buffer, Q5 PCR enhancer, dNTPs, 

and the Q5 enzyme.  

Syringes two and three contain BSA (to prevent gel aggregation), primers, PVA and the cDNA-

containing gels. We combine the Syringe two and three components in one tube to create the “2x 

gel and enzyme” cocktail. Then centrifuge this cocktail to create a gel-rich phase and a gel-poor 

phase. The gel-rich phase is loaded into Syringe two. The gel-poor phase is loaded into syringe 

three. When making droplets, we adjust the flow ratio of Syringe two and three to space the gels 

and ensure droplets contain no more than one gel/drop. 
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When we use gels from 500,000 to 1e6 input cells, we make cocktails of the below volumes and 

we use three syringes: 

 

Syringe One (2x PCR Buffer):  

Combine on ice in a PCR hood the reagents in the below table to make 1600 uL of 2x PCR 

Buffer cocktail. 

Load this cocktail into a 3 mL syringe according to the Syringe loading with oil method 

described above.  

Attach needle to PE2 tubing and affix the needle to the syringe and store upright on ice while 

preparing syringes two and three below. 

 

    For 10 uL 2x PCR buffer cocktail   For 1600 uL 2x PCR buffer cocktail   

Dh20    1.1  176 

 5x Q5 buffer      4  640 

5x GC enhancer       4      640 

10 mM dNTPs     0.5      80 

Q5 enzyme      0.4      64 

total      10      1600 
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Syringes two and three cocktails 

These are made from the below table (2x gel and enzyme cocktail). We centrifuge this cocktail 

to create a gel-rich phase for Syringe two and a gel-poor phase for Syringe three.  

1. Calculate the amount of water required in the below cocktail. For 1600 uL of 2x gel and 

enzyme cocktail, the total volume of gels and added water is 264 uL. In the Feb 17 experiment, 

we used 180 uL in the 1600 uL cocktail; thus, the volume of water is: 264 uL – 180 uL = 84 uL.  

In the table below, enter 84 in the “water” box and enter 180 in the “cDNA on gels in TE+20 

mM NaCl (template)” box. 

2. Prepare 1600 uL of the 2x gel and enzyme cocktail on ice in a PCR hood according to the 

below table. Mix well. 

 

   Reagents For 10 uL of 2x gel and 

enzyme cocktail 

For 1600 uL 2x gel and enzyme cocktail 

water  Depends on volume of 

gels 

84 (calculated according to volume of gels: 

Volume of water = 264uL – the volume of 

gels) 

optiprep  1.6 256 

20 mg/mL BSA   0.25 40 

cDNA on gels in TE+20 mM NaCl 

(template) 

Can vary between 

experiments.  

180 
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VH Forward primer mix (10 primers 

in this mix, each at 1 uM).   

2  320 

VK Reverse primer (one primer in this 

mix, so actual stock conc is 

10 uM).       

0.3 48  

Inner primer mix (in this mix, VH 

Reverse primers are each at 0.38 uM; 

VK Forward primers are each at 0.19 

uM)  

0.2  32 

5% PVA   4  640 

total      10  1600 

3. Centrifuge the 2x gel and enzyme cocktail and prepare Syringes Two (gel-rich) and Three 

(gel-poor).  

 

Syringe Two 

Prepare a 1 ml syringe by adding 400 ul HFE7500 neat, then attach 150 cm PE 2 tubing. Push 

the neat HFE7500 to the end of the tubing. Pellet the gel mixture (prepared according to above 

table) 1000x g 30 seconds in a 1.7 mL eppendorf tube. Place the tubing in bottom of this tube so 

that tube. Carefully retract the syringe plunger to withdraw gels into the tubing. Do not fill the 

entire tubing. A stretch of tubing between the syringe and the gels should remain oil filled, 
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and the tubing should be positioned and held so that the gels remain gravity-packed in the gel-

containing stretch of tubing.  

After gels are loaded into the syringe 2, attach the syringe to a pump and hang the tubing so that 

the gels remain gravity packed.   

 

Syringe Three 

Prepare a 1ml syringe by adding 400 ul HFE7500 neat. Pipet the remaining gel mixture (not 

substantially depleted of gels) into the syringe directly on top of the oil.  Attach PE 2 tubing and 

mount the syringe on the syringe pump.  

 

PCR conditions (Hydrangea): 

Temperature 

(°C) 

98 98 50 72 98 65 72 72 4 

Time 

(seconds) 

60 15 20 60 15 20 90 120 HOLD 

Cycles - Repeat 25x Repeat 25x - - 

 

Retrieve PCR product from the droplets 

The goals of this step are to: 

a. Transfer the droplets into Eppendorf tubes (as many as possible within reasonable time, steps, 

and rinse volume). 
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b. shear the droplets using Qiashredder. 

c. Rinse Qiashredder. 

d. Remove as much mineral and HFE oil as possible.  

e. Precipitate the DNA and run on Agarose gel.  

f. Purify the linker PCR product for use in PCR2. 

In some of the steps, droplets are more efficiently pipetted by using the volume adjusting wheel 

to pipette, rather than the plunger. This allows slow pipetting, which allows better droplet 

collection.  We will call this technique “volume pipetting”.  

1. Use a 200 uL pipettor and remove as much oil from each PCR tube as possible without 

disturbing the gels.  

2. Pool four of the eight PCR reactions into one 1.7 mL tube. Use a P1000 and volume pipetting 

to gather as many droplets as possible from each PCR tube, then volume pipette the into the 1.7 

mL tube. Save the PCR tube. Use the same tip to volume pipette from each PCR tube to 

minimize droplet loss and save PCR tubes. After this initial transfer of droplets to the 1.7 mL 

Eppendorf tube, rinse saved PCR tubes with HFE7500 and up-and-down pipetting to retrieve the 

remaining droplets and transfer these to the 1.7 mL Eppendorf.   

3. Add 200 ul water to the 1.7 mL Eppendorf (now containing dropets, mineral oil, and 

HFE7500) and centrifuge 30 sec 5000xg. 

4. Use a 200 uL pipettor to remove as much mineral oil as possible, if any remains. Try to 

minimize the amount of aqueous phase removed.  
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5. Use a 3 mL syringe with long needle attached to remove the HFE from underneath the 

droplets.  

6. Use volume pipetting (1 ml pipettor) to pipette droplets from the eppendorf onto a Qiashredder 

that is inserted in collection tube. Rinse eppendorf w 200 uL HFE7500 and spin drops down the 

tube walls to collect all droplets in bottom of Eppendorf, then use pipettor to add these droplets 

to Qiashredder in the collection tube.  

7. Spin droplets through Qiashredder at 10,000xg 60 seconds. Transfer the aqueous phase to 

fresh Eppendorf and place the Qiashredder into the collection tube that contains droplet debris.  

8.  Rinse Qiashredder by adding 200 ul water to the Qiashredder and centrifuging top speed 30 

sec.  

9. Transfer the aqueous supernatant in the collection tube to the Eppendorf in step 7.  

10. Add 200 uL water to the collection tube, cap, and vortex. Centrifuge top speed 30 sec. 

11. Transfer the aqueous supernatant in the collection tube to the Eppendorf in step 7.  

12. Determine the mass of the collected liquid to determine its volume. It should be about 1000 

mg, or 1 mL. Split into 3 tubes of 330 ul, add 1/10 volume 3M Na-Acetate (33 ul) and three 

volumes 100% ethanol (1000 ul) to each tube. Vortex, then incubate 15 min at -80C. Pellet 30 

min top speed at 4C.  

13. Carefully remove sup and wash 1x with 70% ethanol (add 500 uL 70% ethanol, spin top 

speed 5 min, decant to remove ethanol and tap on stack of paper towels). Use 200 ul pipette to 

remove all sup and air dry.  
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14. Resuspend each pellet in 25 ul 1x loading dye, heat 5 min 55C to ensure dissolved. Pool 

samples.  

15. Load samples on a 0.9%  agarose gel (in 1xTAE). We will purify the linked product from 

this gel, so we load several lanes with different amounts of DNA to ensure good separation of 

linked product from other bands. In the gel shown in the below image, lanes 3 and 4 are loaded 

with ~25 uL of the resuspended DNA; lanes 5 and 6 are loaded with ~3 ul of resuspended DNA, 

and lanes 1-3 are loaded with 2, 1, and 0.5 ul of 100 bp plus ladder (part number). 

16. Run 48 min at 80V and image. In the below image, the 0.5kb and 1kb ladder bands are 

labeled, and the ~1.1 kb assembled product, the light-chain (~650 bp) and the heavy chain (~450 

bp) products are indicated with arrows.  The left and right halves of the below image show the 

gel before and after excision of the desired PCR products. 
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17. Pool the excised products into two Eppendorf tubes (bands from lanes 2+4 in one tube, 3+5 

in another) and determine the mass of the excised slices in ug. This is the volume of the slices in 

uL.  

18. Use the Sigma Gel Elute kit, following the kit instructions and one column, to purify DNA 

from the excised gels slices. Elute in 50 uL volume DNA-free water.  
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Step 4 - Perform Nested PCR (PCR2)  

Notes 

We want to generate a large amount of PCR2 product while retaining library diversity and 

without introducing mutations. Thus, we use a large amount of purified PCR1 template and we 

use a relatively low number of PCR cycles. In general, 15 should be enough to generate ~3 ug of 

product. In the below, we use 25 cycles because we were more concerned with yield than 

diversity or fidelity.  

 

  Component For one 20 

ul rxn    

200 ul feb 17 

mouse 

template  

(Reaction 1)  

NKG2D 

mouse 

(reaction 2) 

CD40L mouse 

(reaction 3) 

Dh20   
 

78 78 78 

5x Q5 buffer     4     40 40 40 

5x GC enhancer      4     40  40  40  

10 mM dNTPs     0.5     5 5 5 

Template is gel-purified DNA.  1 25 (feb 17 

mouse, PCR1) 

25 25 

10 uM PCR2 F – codon optimized0.4     4  4  4  
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10 uM PCR2 R  - codon 

optimized 

0.4     4 4 4 

Q5 enzyme     0.4     4 4 4 

total     20     200  200  200  

 

Set up three 200 ul reactions as above. Split into four x 50 ul each and run 20 cycles of PCR. 

Cycle: 98C 30 sec, then 20 cycles of: 98C 20sec, 56C for 20 sec, extend 72C 90sec; then then 4C 

hold.  

Pool the samples and run 5 ul reaction on gel. This is ~2.5% of the total PCR. Boxed band is 

correct assembled product of ~850 bp and the image at right shows the gel after the product-

containing gel slice is removed.  
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Step 5 - Topo-clone the PCR2 insert and transform electrocompetent bacteria 

 

Reagents for one transformation: 

pCR4 blunt Topo vector (Thermo Fisher part 450031) 

Electrocompetent OneShot Top10 cells (Thermo Fisher part C404050). 

Electroporation Cuvettes with 1mm gap (Bulldog Bio part 12358-345) 

BioRad Micropulser Electroporator: Use the “bacterial cell” setting.  

Six LB agar plates with 50 ug/mL Kanamycin. 

15-mL snap cap tubes.  

 

Topo reaction: 

1. Combine reagents in 0.5 ul Eppendorf tube as in table below.   

Reaction # Insert  Topo vector Kit-provided 

cloning salt 

1 4.5 ul 1 ul 0.4 ul 

2. Incubate 20 minutes at room temperature. This can vary – any time >20 minutes at room 

temperature is fine. The Topo-reaction can be stored for days at 4 degrees Celsius after this 

initial 20 minute incubation.  
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Electroporate and plate cells: 

Note: Timing is important, so if you have multiple samples to transform, perform one complete 

electroporation (steps 3-6) before starting the next transformation. Work quickly if possible, as 

cells lose competency with long incubations on ice.  

1. Warm 1.5 mL of SOC recovery medium to room temperature and place 15-mL snap-cap tube 

(one for each transformation) in a rack a room temperature, near the electroporation instrument.  

2. Unwrap one elecroporation cuvette for each for each Topo-cloning reaction to be transformed 

and plug into ice in an ice bucket.  

3.  For each for each Topo-cloning reaction to be transformed, thaw one vial of Top10 One-Shot 

Electrocompetent cells on ice. To do this, lay the tube on top of the ice in an ice bucket. Cells 

will thaw in about one minute. After thawing, plunge tubes into the ice to keep cells cold.  

4. Add 2 ul of incubated Topo-reaction directly to the cells in a One-Shot tube and mix by 

pipetting. Immediately use a gel-loading pipette to transfer the cells+Topo reaction (pipet 

carefully to retrieve all of the cell mix) to the bottom of the chilled electroporation cuvette. Tap 

the cuvette sharply on the bench top to ensure cells are at the bottom and place on ice for one 

minute.  

 

5. Place the cuvette in the elecroporator and pulse using the bacterial cell setting. You should 

hear a soft beep, but not a loud “snap”. If you hear the loud snap, it means that your sample had 

too much salt and you had arching in the cuvette. This will give poor transformation efficiency 
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and you should dilute your Topo-reaction 5x with water and repeat the transformation with a 

fresh aliquot of cells.  

6. Immediately after you hear the electroporation beep, remove the cuvette and add 1 mL of  

room temperature SOC. Gently pipet up and down to resuspend cells and transfer the entire 

cuvette contents to a 15-mL snap cap tube. This tube (the “recovery culture”) can be kept at 

room temperature while other transformation are performed.  

7. Place the 15-mL cap tube (has electroporated cells and SOC) in a 37C incubator and shake for 

1 hr to let cells recover.  

Plate cells: 

Electroporation efficiencies vary so I plate several dilutions of the recovery culture onto selective 

plates. The Topo-cloning vector, pCR4-topo-blunt, confers ampicillin and Kanamycin resistance.  

Satellite (“feeder”) colonies are less prevalent on Kanamycin selective plates, so we use these.  

1. After you place the recovery culture on the shaker, remove six plates for each transormation 

from the cold room. Place the plates agar-side up in a sterile hood and move the lids so that they 

sit ajar on the plates. This allows evaporation so that a relatively large (~80 uL) cell culture can 

be plated.  

2. After ~45 minutes, the agar surface of the plates should be slightly wrinkled, indicating that 

they are sufficiently dried.  At this point, cap the plates, remove from the hood, and label them #s 

1-6.  

3. After one hour incubation on shaker, retrieve the recovery culture. 
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4. Label five 1.7 mL eppendorf tubes 2-6 and place them in a tube rack. Pipette 160 ul SOC into 

each tube. These tubes will be used to make 3-fold serial dilutions of the recovery culture. 

5. Pour ~8 plate beads (glass beads, 2-3 mm in diameter) into each plate.  

6. Pipette 80 uL of the recovery culture onto plate #1 and then pipette 80 uL recovery into the 

SOC-containing eppendorf tube #2. Pipet up and down several times to mix, then pipette 80 uL 

onto plate #2. Pipette 80 uL from Eppendor Tube #3 into eppendorf tube #3 and pipet up and 

down several times to mix, then pipette 80 uL onto plate #3. Pipet 80 uL from eppendorf #3 into 

eppendorf #4 and pipet up and down several times to mix, then pipette 80 uL onto plate #4. Pipet 

80 uL from eppendorf #4 into eppendorf #5 and pipet up and down several times to mix, then 

pipette 80 uL onto plate #5. Pipet 80 uL from eppendorf #5 into eppendorf #6 and pipet up and 

down several times to mix, then pipette 80 uL onto plate #6. 

7. Cover the plates, stack them, and rapidly slide the stack them back and forth while keeping the 

bottom plate in contact with the bench top. This will scatter the plating beads across the agar 

surface, evenly distributing the recovery medium. Shake for about 30 seconds and rotate the 

stack several times to ensure even plating.  

8. Check plates to ensure all liquid is absorbed and then place in incubator, agar side up, and 

incubate overnight at 37 degrees C. If medium is not absorbed immediately after plating, plates 

can sit, agar side down, at room temperature with lid slightly ajar until medium is absorbed.  
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