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Biocatalysis is an environmentally friendly, cost-efficient alternative to chemocatalytic
synthesis. Yet improvements in specificity and efficiency are needed, and have to be
generated quickly to meet the fast pace of product development in industry. This ambition is
met by droplet microfluidics, a powerful tool to scan vast libraries at kHz speed with >10"/day
throughput. Instead of uL robotic liquid handling systems, pL water-in-oil emulsion droplets

are generated in PDMS chips replacing the use of plasticware.

Novel detection devices and coupled reactions complement direct optical readout and
broaden the range of target reactions to enable functional metagenomics and directed
evolution campaigns. The combination of droplet screening with UMIC-seq, high quality
nanopore sequencing at a cost of <1.1 cent per sequence, creates maps in sequence space,
possibly a future basis for applying Al/ML to extrapolate trajectories beyond the experimental
output. The success of combinatorial campaigns in droplet formats suggests that this

technology is coming of age.



Advantages and challenges

Advantages

Selections are based on direct measurement of product, not a proxy.

Lower costs: (i) pL instead of >uL assay volumes (i.e. ~108-fold {.); (ii) low capital
expenditure: droplet rig >20-fold cheaper than screening robots.

Screening of >10° variants per hour: (i) more likely to beat the odds in directed
evolution and functional metagenomics, low probability events captured, large
accelerations per round; (ii) higher throughput more likely to avoid evolutionary dead
ends: escape from local fitness plateaus facilitated

Versatile and modular assay toolbox: (i) microfluidic chip design emulates screening
workflows; (ii) a wide range of enzyme classes can be assayed; (ii) double emulsions

can be sorted in a flow cytometer, as an alternative to all-on-chip workflows.

Challenges

Commercial availability and setup: (i) ‘black box’ instrument rarely commercially
available but modules for droplet formation, chip design etc. available on the market.
(if) microfluidic expertise required.

Sensitivity: fluorescence-activated droplet sorting (FADS) has a detection threshold of
< 0.1 yM (~3000 molecules in a pL droplet), but higher detection thresholds for
absorbance-activated droplet sorting (AADS; 10 uM), dielectrophoretic droplet sorting
(DEDS, 1 uM) and mass-activated droplet sorting (MADS, 30 uM).

More assays needed — synthetic access to assayable substrates important.

Reaction product must not escape from the droplet compartment — if it does, the

screening is compromised.



References

10.

Colin, P.Y., Kintses, B., Gielen, F., Miton, C.M., Fischer, G., Mohamed, M.F., Hyvdnen, M.,
Morgavi, D.P., Janssen, D.B. and Hollfelder, F., 2015. Ultrahigh-throughput discovery of
promiscuous enzymes by picodroplet functional metagenomics. Nature communications, 6(1),
pp.1-12.

Debon, A., Pott, M., Obexer, R., Green, A.P., Friedrich, L., Griffiths, A.D. and Hilvert, D., 2019.
Ultrahigh-throughput screening enables efficient single-round oxidase remodelling. Nature
Catalysis, 2(9), pp.740-747.

Gielen, F., Hours, R., Emond, S., Fischlechner, M., Schell, U. and Hollfelder, F., 2016.
Ultrahigh-throughput—directed enzyme evolution by absorbance-activated droplet sorting
(AADS). Proceedings of the National Academy of Sciences, 113(47), pp.E7383-E7389.

Goto, H., Kanai, Y., Yotsui, A., Shimokihara, S., Shitara, S., Oyobiki, R., Fujiwara, K.,
Watanabe, T., Einaga, Y., Matsumoto, Y. and Miki, N., 2020. Microfluidic screening system
based on boron-doped diamond electrodes and dielectrophoretic sorting for directed evolution
of NAD (P)-dependent oxidoreductases. Lab on a Chip, 20(4), pp.852-861.

Holland-Moritz, D.A., Wismer, M.K., Mann, B.F., Farasat, I., Devine, P., Guetschow, E.D.,
Mangion, I., Welch, C.J., Moore, J.C., Sun, S. and Kennedy, R.T., 2020. Mass activated droplet
sorting (mads) enables high-throughput screening of enzymatic reactions at nanoliter
scale. Angewandte Chemie Int Ed, 59(11), pp.4470-4477.

Ma, F., Chung, M.T., Yao, Y., Nidetz, R., Lee, L.M., Liu, A.P., Feng, Y., Kurabayashi, K. and
Yang, G.Y., 2018. Efficient molecular evolution to generate enantioselective enzymes using a
dual-channel microfluidic droplet screening platform. Nature Comm, 9(1), pp.1-8.

Mair, P., Gielen, F. and Hollfelder, F., 2017. Exploring sequence space in search of functional
enzymes using microfluidic droplets. Curr Op Chem Biol, 37, pp.137-144.

Obexer, R., Godina, A., Garrabou, X., Mittl, P.R., Baker, D., Griffiths, A.D. and Hilvert, D., 2017.
Emergence of a catalytic tetrad during evolution of a highly active artificial aldolase. Nature
Chemistry, 9(1), pp.50-56.

Tauzin, A. S.; Pereira, M. R.; Van Vliet, L. D.; Colin, P. Y.; Laville, E.; Esque, J.; Laguerre, S;
Henrissat, B.; Terrapon, N.; Lombard, V.; Leclerc, M.; Dore, J.; Hollfelder, F.; Potocki-Veronese,
G., 2020 Investigating host-microbiome interactions by droplet-based microfluidics. Microbiome
2020, 8 (1), 141

Zurek, P. J., Knyphausen, P., Neufeld, K., Pushpanath, A., Hollfelder,F. 2020 Nat Commun,
11, pp. 6023.



Library generation Compartmentalisation LYSiS and assay Sorting
reaction

Substrate
[ )

;
- -@
= ie:z«o PL
= —~ - <—U ,
Optical Non-optical
Fluorescence-activated Absorbance-activated Dielectrophoretic Mass-activated droplet
droplet sorting (FADS) droplet sorting (AADS) droplet sorting (DEDS) sorting (MADS)
— Q Splittin

@ -'E ............. > \: plitting

¢€ t% K



Aldolase [8]

o

l
P

kcat 30'f°|d f

Esterase [6]

direct

Lo ok

O OH
R3/R“ —

I

R* =

HO
enantioselectivity 700-fold ¢

coupled
Amine oxidase [2]

Amine dehydrogenase [10]

NH, NH R.__NH, R__O
)\ FADHa ]| I
R2 ——> R'~ “Re
OH ~ “. 07 oH
H,0, NADP* NADPH
Resorufmx—ZAmp mPMS >< mPMS

HRP UItraRed

* *

oxidised y - reduced

WST-1 WST-1

oxidised reduced

* *

total turnover number 3.3-fold 4




