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A new ultra-high-throughput screening assay for the detection of cellulase activity
was developed based on microfluidic sorting. Cellulase activity is detected using a
series of coupled enzymes leading to the formation of a fluorescent product that
can be detected on a chip. Using this method, we have achieved up to 300-fold
enrichments of the active population of cells and greater than 90% purity after just
one sorting round. In addition, we proved that we can sort the cellulase-expressing
C 2014 Author(s). All
cells from mixtures containing less than 1% active cells. V
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4886771]
Cellulases are important enzymes with numerous applications across multiple industries,
including biofuel, pulp, paper, textile and laundry, food, feed, brewing, and agriculture.1 Most
cellulases have low activity and stability, so improving these properties would have substantial
impact on numerous industrial processes.
Enzymatic properties can be improved by protein engineering2 but the limiting step is the
screening process. Classical screening uses microtiter plates (MTPs), where each well contains
cells expressing a single type of mutant enzyme. However, this type of screening is the bottleneck in directed evolution, because a maximum number of 105 clones can be screened over the
course of weeks or even months3 and large quantities of reagents and consumables are needed.
High-throughput screening methods based on either fluorescence activated cell sorting
(FACS)4–7 or microfluidic devices8 increase the number of clones that can be screened and
reduce the amount of consumables required. Here, we demonstrate the use of a high-throughput
screening system for cellulases by combining lab-on-chip sorting devices with an
emulsion-based fluorescent assay previously developed for use in flow cytometry.5
Water–in-oil emulsions are needed to maintain the connection between genotype and phenotype by compartmentalizing individual cells expressing a mutant enzyme together with the components of the fluorescence assay corresponding to the enzyme activity.7 For FACS, double emulsions (water-in-oil-in-water) are required because the instrument’s mobile phase is an aqueous
solution. Such double emulsions can be produced by stirring or agitation,9,10 but the resulting
emulsions are polydisperse and multiple water droplets may be scattered within a single oil droplet. In addition, large droplets tend to produce more fluorescence because there are more substrate
molecules available for conversion into the fluorescent product. The emulsions are produced in
bulk, so each droplet will be detected at a different time point from the start of the reaction. This
means that increased fluorescence may result because an enzyme has worked on the substrate for
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a longer amount of time, and the fluorescence of the droplet may plateau before sorting as the
enzyme consumes all the available substrate. Cell loading is difficult to control because the average number of cells per droplet scales with droplet volume. Also, if several inner droplets, containing cells with different activities, are encapsulated within the same outer droplet, false positives
may occur upon sorting. Consequently, it is impossible to differentiate fluorescence changes due to
enzyme activity from those due to other effects using polydisperse double emulsions in FACS, but
it is possible to achieve plus/minus screening,4 separating cells with activity from those without.
Droplet microfluidics overcomes many of the drawbacks of high-throughput enzyme sorting
with FACS. Both the size and composition of the droplets can be tuned precisely. Furthermore,
once the enzyme is mixed with the substrate, the incubation time can be controlled and all compartments will have the same conditions in terms of concentration and total number of substrate
molecules. Although cell loading is still subject to Poisson statistics, the probability for cells to
be loaded into a given droplet is the same and can be adjusted by tuning the input cell density.
These characteristics make the microfluidic method more sensitive, flexible, and quantitative at
detecting changes in enzyme activity than the FACS-based sorting of double emulsions.
Here, we report a method in which droplet microfluidics is used to sort libraries containing
different percentages of cells expressing cellulase activity and demonstrate enrichment of the
cells expressing active cellulases. The entire process is summarized in Figure 1.
To detect cellulase activity, we designed an assay that uses a chain of coupled enzymatic
reactions to yield fluorescence corresponding to cellulase activity without needing artificial
substrates (which may lead to confounding effects, such as improved binding of the enzyme
specifically to the artificial compound but not the natural substrate). In this method, cellulase
hydrolyzes cellulose, its natural substrate, into monosaccharides and oligosaccharides that are
further detected by the enzymatic cascade5 (Figure 1).
Based on previous FACS experiments, no difference in activity can be detected between the
positive and the negative droplets before 2 h incubation time.5 Based on these observations, we
expected the cells to require more than 2 h of incubation in droplets for the reaction to develop.
Emulsions were formed using a co-flow flow-focusing Polydimethylsiloxane device prepared by
soft lithography as previously described8 and using fluorocarbon oil containing 1% (v/v) KrytoxPEG-Krytox detergent synthesized as reported in an earlier study.11,14 The solutions, one containing
library cells (S. cerevisiae YPH500 cells, Agilent Technologies, Santa Clara, USA) and the other
with the substrate,14 were mixed at the same flow rate, giving a one-to-one mixing ratio. The library
cells were a defined mixture of cells transformed with cel5A pESC-Trp (positive cells) or empty
pESC-Trp (negative cells). The two solutions therefore mixed just prior to encapsulation, minimizing
the chance that fluorescent products would enter neighboring droplets. The substrate solution contained carboxymethyl cellulose (CMC), which has a high viscosity. To prevent fluctuations in the
flow of substrate during the emulsification process, we optimized the flow rate and the concentration
of CMC and found that a CMC concentration of 0.33% (w/v) produced monodisperse emulsions.
We discovered that the HOx required for the enzymatic cascade causes droplet coalescence.
HOx alone was sufficient to cause the observed change in droplet stability because droplets
containing only hexose oxidase in buffer exhibited the same amount of coalescence as those
containing the full set of assay components. We hypothesized that the enzyme might be surface
active, disturbing the emulsion interface, but emulsions of an inactivated form of the enzyme
were stable (Figure 2(a)). One possible explanation is that active HOx may interact with the
detergent through the active site. Adding bovine serum albumin (BSA), which is known to
have a stabilizing effect,12 to the mixture improved droplet stability (Figure 2(a)). Emulsions of
the assay mixture with BSA were stable for more than 1 day at room temperature.
The time required for the cellulase reaction to produce detectable quantities of fluorescent
product was monitored using the droplet screening instrument. These devices proved to have a
higher sensitivity than the FACS system because the optics are designed for the droplet size
selected for the assay. We were able to detect cellulase activity just 20 min after the compartmentalization of cells. This shorter incubation time allowed us to couple the emulsification
device directly to the droplet sorting device using a short piece of tubing. The rate of emulsion
flow and the dimensions of the tube set the droplet incubation time.
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FIG. 1. General overview of cellulase screening using droplet microfluidics. In the emulsification device, suspensions of yeast
surface displayed libraries are co-flowed with the substrate solution at equal flow rates to a drop-forming junction where they
mix. A stream of perfluorinated oil then breaks the aqueous mixture into monodisperse water-in-oil emulsions. Within each
droplet, the cellulase reaction starts after compartmentalization and the fluorescent product is formed by a coupled enzymatic
cascade in droplets containing cells that express the active enzyme. After a fixed incubation time, the emulsion droplets are
re-injected into a microfluidic sorting device, where they are analyzed and sorted based on their fluorescence.

Using the optimized conditions, we used droplet microfluidics to sort cellulase-expressing cells
from a set of reference libraries. The reference libraries were created by mixing different concentrations of positive S. cerevisiae YPH500 cells expressing Cel5A cellulase and negative S. cerevisiae
YPH500 cells transformed with the pESC-Trp empty vector. The mixed populations were emulsified together with the assay components in water-in-perfluorinated-oil emulsions and incubated at
room temperature for 20 min. The gated population was sorted and the cells were spread on yeast
nitrogen base casaminoacids (YNB CAA) Glu agar plates. An aliquot of the reference library was
also plated on agar plates prior to sorting. Approximately, 100 cells before and after sorting were
transferred to YNB CAA CMC Gal/Raf induction plates, and the Congo red assay13 was used to
detect cells expressing cellulase. In this assay, colonies of positive cells developed transparent halos
around them.14 The results before and after sorting are presented in Figure 2(b).
We enriched cellulase-expressing cells from a pool of negative cells, regardless of the starting
concentration of positive cells. We were able to isolate the cellulase-expressing cells even when
starting from a low percentage of active cells (0.1%). We obtained high enrichment factors of up
to 300 when starting from low concentrations of positive cells, and we were able to sort to a purity
of greater than 90%. These results exceed those obtained by comparable experiments using FACS.5
In conclusion, we developed a high-throughput screening system for cellulase activity based on
droplet microfluidics. We optimized the emulsification conditions to produce highly stable and monodisperse droplets. The low dispersity of the emulsion enables the sensitive, tunable, and quantitative
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FIG. 2. (a) Transmission light micrographs of water-in-perfluorinated-oil emulsions produced using the microfluidic emulsification devices after 2 h incubation at room temperature. The emulsions contain 3 U/ml HOx either in its native form
(left image), inactivated by heating at 99  C for 20 min (middle image), or supplemented with 1 mg/ml BSA (right image).
(b) Images of the results of the agar plate Congo Red cellulase assay before and after sorting, with the percentage of positive colonies indicated. The cells expressing cellulase activity show clear hallos.

detection of cellulase activity. In addition, we substantially reduced the reaction time needed for the development of a fluorescent product from 2 h to 20 min. As a result, we sorted reference libraries of cellulases with various ratios of positive to negative cells, and regardless of the starting population of positive
cells we were always able to enrich the active population to a higher purity than that obtained by FACS.
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