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ABSTRACT

We demonstrate an integrated system (fig.1) foidramd automated generation of libraries comprisimgtiple
(~10%-10% populations of sub-nanoliter droplets. Each pajion has a distinct chemical composition. Protaif genera-
tion of libraries that we report comprises i) gexten of a sequence of micro-liter droplets by esfwn of small portions of
liquid from a 96-well plate ii) injection of thisriay of droplets into a separate chip, iii) spli¢tithese 'parental' plugs in a
flow-focusing (FF) module into thousands of tighthonodisperse daughter droplets of sub-nanolitemamoliter volumes
and iv) separation of libraries with plugs of adhimmiscible liquid. This method is compatiblethvautomated microfluidic
systems that generate droplets of preprogrammegasitions [1] and thus bridges the techniques itiditidually address
large (~uL) droplets with the methods [2] for high-througlhgareening of small (~ pL, ~ nL) droplet libraries
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INTRODUCTION

Droplet microfluidics can be an interesting alteéiveato classical robotic stations because thegrdfiwer reaction
volumes and higher rate of operations. The chgéléior droplet microfluidics is to provide not ortlyroughput but also the
flexibility and ability to freely address individleeaction compartments that the microtiter systeffey. The method that we
report bridges the automated individual controttef compositions of largeul() liquid plugs with the techniques for high-
throughput screeningof small (pL - nL) drops.
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Figure 1: Schematics of the microfluidic systenrépid generation of droplet libraries.

EXPERIMENTAL

Fabrication of the chips We fabricated the polycarbonate microfluidic chips 5-mm thick plates of polycarbon-
ate (Macroclear, Bayer, Germany) using a CNC nglimachine (MSG4025, Ergwind, Poland). The milléecps of poly-
carbonate were thermally bonded to neat 2-mm plateompressing them together (30 min, 130 °CMR&A). We created
the world-to-device interface using 21 gauge nee¢thet cm, O.D. 0.82 mm, I.D. 0.65 mm, Fishman @oafion, USA). We
connected the device inlets to resistive steellleaigis (O.D. 400 um, 1.D. 205 pum, length 80 cmfavi, Poland) extending
from the valves using short segments of Tygarbing (~ 1 cm, O.D. 0.91 mm, I.D. 0.25 mm, Isrea®witzerland) to con-
nect the capillaries with the needles.
PDMS chip were made by polymer casting. The negatiasters were made by moulding PDMS (Sylgard D&y Corn-
ing, USA) onto PC chip and subsequently silanizirthem with vapours of tridecafluoro-1,1,2,2,-teyrditooctyl)-1-
trichlorosilane (Alfa Aesar, Germany). Cleaned P®Kkgative masters served for moulding of the pesRDMS replicas
that were subsequently bonded with smooth slalxDMS by exposing both parts to 120 spgbasma and pressing them to-
gether. The PDMS chips were subsequently modifigdtdphobically by flowing Aquapel into channels ®Pndustries,
USA). In order to preserve modification, chip vizdked in 76C for 12 hours.

Optical interrogation of droplets. We used a Nikon SMZ1000 stereoscope coupled wiBhatron Fast-Cam
1000k camera to monitor the formation and mergihdroplets with the frame rate 18 kfps. We measuhedarea of each
droplet in ImageJ software

RESULTS AND DISCUSSION
Our system uses a small set of external electroatagvalves and optical detection [3] and feedbackontrollably
split and separate the resulting sets of drops iwithiscible spacers. We found that in order to mime the dispersion of the
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volumes of these daughter droplets it is necedsagyadually decrease the width of the microfluidi@nnel upstream of the
FF module and that the whole parent droplet musioeezed into the section of a narrow channekédfenters the orifice
of the FF splitter. This procedure omits the proideassociated with the changes of the curvatutheoparent droplet and
thus diminishes influence of Laplacian pressur¢henprocess of formation of daughter droplets (E)gAnother crucial step

that ensured production of monodisperse daughtglebs was removal of surfactant from continuouasehof mother drop-
let stream.
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Figure 2. Three consecutive pictures and corresjpugn graphs show influence of the geometry of tinetjon on
level of dispersity of droplet volume.
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Figure 3. Micrographs illustrating generation of axemplary library in a polycarbonate chip. Eadbréiry is gen-
erated with a frequency 0.2 Hz. Each element iegdad with frequency ~1 kHz. Libraries are sepedaby air bubbles
generated on demand. Scale bar is g6

We tested reliability of our system using variouls and surfactants: hexadecane with 3% of SpaR8340 and
HFE-7500 perfluorinated oils mixed with 3% of tobk PFPE-PEG-PFPE surfactant. We demonstratedthiasystem is
capable of generation of droplet libraries compasfeplopulations of various species (fig. 4a), ddos (fig. 4b) and volumes
(fig. 4b).

We showed preliminary application in testing thabidity of bacteria (fig.5) — first we formed libmaof droplets of
LB media containing colonies of E.coli and afteridtubation in 37C, we carried out rapid (30 Hz) fluorescence reatd Io

the close future we will use our system as univeasd robust label-free flow cytometer. Stabilifytbe emulsions was pro-
vided by PFPE-PEG-PFPE surfactant.
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Fig 4. Examples of three different input sequenafeparental plugs and the corresponding librar@sdaughter
droplets. The input sequence was delivered vida=+ 0.8 mm FEP tubing. Droplet libraries are septed with immis-
cible spacers (dyed light mineral oil). Picturepeesents libraries with various compositions; prett — libraries with gra-
dations of concentration and picture ¢ presentsalites with various volumes of daughter droplets.
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Figure 5. Detection of fluorescence of every depmhside the library with frequency of 30 Hz. Riesi droplet
contain bacterial (E. coli) colony and differ irgsifrom negative droplets due to osmosis durinm&hbation in 37C.
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CONCLUSION

Here we present a microfluidic system for rapid antbmated generation of droplet libraries. Ochtéque uses
micro-liter plugs of preprogrammed compositions apdits them into ensembles of nL droplets. Ashsubis method
bridges the ability to program the compositionsnu€ro-liter volumes with the high-throughput scregndevices. The
method that we describe can be useful in exploitirg synergy between individual control of the cosifions and high-
throughput studies of single cells or molecules iardigital droplet PCR systems.
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