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ABSTRACT:  A number of novel protein sequences dramatically increases in public databases, however, there are only very few 

functional annotations. This significantly limits the exploration of the available protein diversity obtained by next-generation se-

quencing. Conventional methods cannot keep up with current challenges and a development of a new generation of biochemical 

techniques is essential. The great potential of microfluidic technology with reduced sample requirements and powerful throughput 

can bring an adequate capacity for functional annotation of the rising protein diversity. However, even the most promising droplet-

based systems still need to address a number of limitations. The leakage of hydrophobic compounds from water compartments to the 

carrier oil represents one of the major problems which limits the utilization of these systems to operate with hydrophilic reagents. 

Herein, we present an approach using a novel way of substrate delivery in droplet microfluidics applied to high-throughput functional 

characterization of enzymes converting hydrophobic substrates. The substrate delivery is based on the partitioning of hydrophobic 

chemicals between the oil and water phases. We applied a controlled distribution of hydrophobic haloalkanes from oil to reaction 

water droplets to perform activity screening of eight model enzymes from the haloalkane dehalogenase family. The droplet-on-de-

mand microfluidic system reduces the reaction volume 65 000 times and increases the speed of the analysis almost 100 times, com-

pared to the conventional method. Additionally, the microfluidic setup enables a convenient determination of temperature optima for 

a set of mesophilic and engineered hyper stable enzyme variants at the working range 5 to 90 °C. A quantitative comparison of the 

microfluidic data and the results from the the conventional method showed a high consistency with R2 = 0.89 and 0.95 for the substrate 

specificity and temperature optima analysis, respectively. The microfluidic method demonstrated a high precision and an advanced 

analytical throughput >20,000 reactions per day. The presented substrate delivery approach extends the scope of microfluidics appli-

cations for high-throughput analysis of reactions including compounds with limited water solubility.

INTRODUCTION 

Advances in sequencing technologies result in the accumulation 

of vast amounts of sequence information in majority cases with-

out the knowledge of functional properties of the encoded pro-

teins. However, a systematic functional characterization of mul-

titude candidates cannot be addressed by conventional ap-

proaches even when automated liquid handling systems are ap-

plied. Microfluidic technology offers an appropriate through-

put, reaching in extreme cases 107 assays per day, and signifi-

cant reduction for sample amount requirements.1 Droplet mi-

crofluidics has been employed in diverse fields from material 

chemistry synthesis of nanoparticles8 to life science rare cell 

isolation and sequencing.9,10 The ultrahigh-throughput has been 

exploited for example in on-chip sorting approaches for di-

rected evolution of proteins is possible at > kHz rates in pico-

litre volumes.11–15 Amongst such droplet-based technologies, 

droplet-on-demand platforms enable the fast characterization of 

compound libraries and the acquisition of automated dose-re-

sponse curves with exquisite control over droplet content and 

order. The droplets content can be analyzed by diverse analyti-

cal methods covering optical microscopy, electrical measure-

ments, absorbance2 and fluorescence detection,3,4 Raman spec-

troscopy,5 mass spectroscopy6 or electrophoresis.7 Despite its 

great potential, droplet microfluidics still faces drawbacks like 

leakage of hydrophobic compounds,16 channel wetting and 

cross-contamination.17 The leakage of hydrophobic compounds 

(e.g. fluorophores, drugs/drug-leads, vitamins) from water com-

partments to the carrier oil represents one of the major problems 

and limits the use of these effective analytical systems. The pro-

cess of extraction of hydrophobic molecules from the water 



2 

 

droplet to the oil phase or neighbouring droplets can be as fast 

as a few milliseconds when convection plays a role.16,18 There 

is a number of attempts which, however, could only partially 

prevent the escape of hydrophobic compounds to the oil phase, 

e.g. addition of bovine serum albumin17 or sugar molecules,19 

modifications of surfactant20 or using nanoparticles instead of 

surfactant.21 The leakage of hydrophobic compounds thus re-

mains the major limitation of the droplet-based microfluidics. 

Here we present a novel approach that addresses the control of 

hydrophobic compounds in the droplet microfluidic systems. 

The hydrophobic compounds pre-solubilized in the fluorinated 

oil phase are delivered to the dispersed aqueous phase by parti-

tioning. At equilibrium, the final concentration of the com-

pound in the water compartments was determined by its 

oil/buffer partitioning coefficient and the concentration of the 

compound in the oil phase. We demonstrated this approach dur-

ing a biochemical characterization of a model enzyme family, 

haloalkane dehalogenases, converting a wide range of small hy-

drophobic halogenated alkanes. We determined the oil/buffer 

partitioning coefficients for series of 25 small mono-, di- and 

tri-halogenated aliphatic hydrocarbons. We used the oil/buffer 

distribution to control the delivery of these hydrophobic com-

pounds into aqueous reaction droplets. A combinatorial analysis 

of the specific activity of 8 representative haloalkane dehalo-

genases with a set of 27 representative substrates (Supporting 

Figure S1) was performed within 24 hours, which represents a 

nearly 100-fold reduction in time and a 10,000-fold lower re-

quirement for the total amount of enzyme in comparison to a 

conventional assay.22 The substrate screening and additional 

analysis of the temperature optima for a set of mesophilic and 

hyper stable variants showed high consistency of the microflu-

idic data with the conventional measurements. We employed 

pH-based fluorescence assays for monitoring the enzymatic ac-

tivity in microfluidic droplets generally applicable for numer-

ous enzyme families that are important for industrial or medical 

applications. 

 

MATERIALS AND METHODS  

Materials. All chemicals used in this study were research grade 

purity >95% and were purchased from Merck (Merck, USA). 

The PicoSurf 1 surfactant was purchased from Dolomite (Dolo-

mite, UK). FC40 oil was purchased from 3M (3M, USA). Tub-

ing made from various materials was purchased from IDEX 

(IDEX, USA).  

Oil/buffer partitioning of halogenated compounds. The par-

tition coefficient of the tested halogenated compounds was an-

alyzed by monitoring the distribution in a two-phase system 

composed by 1 mL HEPES buffer (1 mM, pH 8.0) and 1 mL 

FC40 oil (3M, USA). The analysis was performed in a screw-

capped vial with a magnetic cap at 37 °C. In both phases, the 

concentration of a particular compound was quantified using 

the gas chromatograph Trace 1300 (Thermo Scientific, USA) 

equipped with capillary column TG-SQC (30m x 0.25mm x 

0.25μm, Thermo Scientific, USA) and connected to the mass 

spectrometer ISQ LT Single Quadrupole (Thermo Scientific, 

USA). The 1 μL of sample was injected into the split–splitless 

inlet at 250 °C, with split ratio 1:50. The sample preparation 

was fully handled by an automatized robotic arm (Pal RTC, 

CTC analytics, Switzerland). The temperature program was iso-

thermal at 40 °C for 1 min, followed by an increase to 140 °C 

at 20 °C.min-1 and hold for 8 min. The flow of carrier gas (He) 

was 1 mL.min-1. The spectrometer was operated at a SCAN 

mode (30 to 300 amu). The temperature of the ion source and 

GC-MS transfer line was 200 °C and 250-300 °C, respectively. 

The partitioning coefficient was calculated as the logarithm of 

the compound concentration ratio in fluorinated oil and water 

using the following formula: 

Log𝑃 = log
[compoundoil]

[compoundbuffer]
 

Substrate delivery and assay incubation 

A small incubation chamber for biochemical assay incubation 

consists of 20 cm capillary placed in a small glass vial. A sub-

strate filled in a 1.5 mL glass vial with a gas-tight screw-capped 

lid penetrates via a polythene tubing (OD 0.4 mm, ID 0.1mm, 

Smith-Medical, UK) to the oil phase and was finally delivered 

to the water droplet containing an enzyme sample. The incuba-

tion time can be regulated with flow rate from 1 to 5 min. Dur-

ing the experiment, the vial was placed in Peltier element that 

enabled precise control of temperature (Meerstetter, Switzer-

land). 

Droplet generation, signal acquisition and processing. Typ-

ically, 20 μL of each enzyme sample were loaded into a 24-well 

rack in the Dropix instrument (Dolomite, UK). An oil bath be-

low the rack was prefilled with FC40 oil with 0.5% PicoSurf 1 

surfactant. A fine bore polythene tubing (OD 0.4 mm, ID 

0.1mm, Smith-Medical, UK) was used for the droplet genera-

tion and the signal observation. Droplets were generated by a 

syringe pump (Chemyx, USA) running in the withdraw mode 

at a flow rate 10 μL.min-1. Droplet volume, oil spacing and sam-

ple sequence were controlled using the Dropix control software. 

The tubing was perpendicularly aligned to an excitation/emis-

sion optical fiber within an in–house built black acetal cube. 

The excitation was achieved by a 450 nm blue laser (12V, 

200mW, PRC) focused by a spherical lens into the multimode 

optical fiber Y-bundle suitable for the reflection and backscatter 

spectroscopy (SQS, Czech Republic). The excitation wave-

length was filtered on a dichroic mirror with the cut off at 490 

nm (ThorLabs, Germany). The analogue signal was collected 

on an Si-detector (ThorLabs, Germany), converted to a digital 

signal by Ni-DAQ 6009 module (National Instruments, USA) 

and processed by LabView 12 (National Instruments, USA). 

The raw signal was processed by a droplet detection script writ-

ten in MATLAB 2017b (Mathworks, USA). A brief description 

of the steps necessary to screen a single substrate is the follow-

ing: loading of the solutions in the sample holder rack, starting 

of the pump, measurement of droplet data for calibration se-

quence, running and measurement of droplet trains containing 

the enzymatic samples separated by buffer droplets, stopping 

the flow and changing to the next substrate. The whole protocol 

took approximately 30 minutes for a single substrate for the 

eight enzymes tested. Signal analysis script is provided in the 

Supplementary material. 

Robotic activity screening. Specific activities of LinB towards 

the set of 27 halogenated substrates were robotically analyzed 

using a Hamilton MICROLAB STARlet robot (Hamilton Ro-

botics, Switzerland). The reactions were performed in 2 mL 

glass vials containing 1 mL of 100 mM glycine buffer, pH 8.6 

and 1 μL of the halogenated substrate at 37 °C. The reaction 

was initiated by an addition of the enzyme. The progress of the 

reaction was monitored by periodically withdrawing samples 
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from the reaction mixture and immediately mixing these sam-

ples with 35% (v/v) nitric acid to terminate the reaction. The 

release of the halide ion product was analyzed spectrophotomet-

rically using the end-point assay developed by Iwasaki and co-

workers.23 The dehalogenation activities were quantified as the 

rate of product formation over time. 

Data analysis and statistics. A matrix of specific activities for 

the 8 HLDs and 27 halogenated substrates measured by the pre-

sent method was constructed. The conventionally measured 

specific activities were taken from the work by Koudelakova et 

al..22 Pearson and Spearman correlation coefficients were cal-

culated for each substrate comparing conventional and capil-

lary-based microfluidics data. The relationship between the en-

zymes and clustering to the substrate specificity groups was 

studied by Principal Component Analysis (PCA) using Statis-

tica 13 (TIBCO, USA). A detailed explanation of the PCA was 

described previously.22 Briefly, the raw data were log-trans-

formed and weighted relative to the individual enzyme’s activ-

ity. Each value needed to be incremented by 1 to avoid the log-

arithm of zero values. The new values were then divided by the 

sum of values for a particular enzyme and weighted values were 

estimated. These transformed data were used to calculate prin-

cipal components and the components explaining the highest 

variability in the data were then plotted for an identification of 

substrate specificity groups. 

 

RESULTS 

Design of microfluidic and optical platform. We designed the 

microfluidic platform combining the commercial robotic sam-

pler Dropix (Dolomite Microfluidics, UK) and an in-house con-

structed incubation chamber, a temperature controller and an 

optical setup for monitoring the biochemical reactions in drop-

lets. The microfluidic system employs a pump operatingin with-

drawal mode to create droplets and load samples from the 

Dropix sampler into the capillary by using negative pressure. 

Sample order and the droplet volume was controlled by the 

Dropix sampler moving the capillary end horizontally and ver-

tically. The droplets are generated by moving vertically the arm 

with a tubing end between oil and an aqueous sample. Access 

to up to 24 different samples is reached by horizontally posi-

tioning the arm along the rack with samples. Droplets are 

spaced by an oil phase continuously loaded from an oil bath. 

Generated droplet sequence travels through an incubation 

chamber filled with a particular halogenated compound. The 

compound penetrates through the capillary walls and equili-

brates between the oil and aqueous droplets. An optical signal 

is detected with an optical fiber in a detection cube where an 

optical fiber coupled to a laser source is exciting the droplet and 

concurrently transfers the emitted light to the detector (Figure 

1A).  

During the development, it was necessary to find suitable capil-

lary material meeting the following criteria: (i) minimal back-

ground signal for the fluorescence detection; (ii) permeability 

for halogenated substrates through the wall; (iii) relatively low 

thickness of the capillary wall; and (iv) inner and outer diameter 

dimensions compatible with the Dropix instrument. We have 

tested tubing made of polyethylene (PE), polyetheretherketone 

(PEEK), polytetrafluoroethylene (PTFE), fluorinated ethylene 

propylene (FEP), perfluoroalkoxy based (PFA) and Tygon. A 

very low or no substrate permeability was observed in the cases 

of FEP, PFA, PEEK and PTFE, therefore we did not use these 

tubing materials in the following experiments. Significant sub-

strate concentrations in the oil and aqueous phases could be de-

tected in the PE and Tygon tubing. We decided to use the PE 

tubing in all the following experiments as it had a thinner wall, 

lower background signal and simpler manipulation. In the setup 

we used, the PE tubing was submerged in the particular halo-

genated substrate in a glass vial going in and out through a sep-

tum with punched holes. Inside the vial, there was exactly 20 

cm of the tubing bend in three round loops to prevent droplet 

squeezing and breakage (Supporting Figure S2). The transfer 

of the substrate can occur only in this looped region where the 

tubing was in direct contact with the halogenated substrate. The 

substrate passes the capillary wall barrier and then the equilib-

rium between the oil and aqueous phases is reached. The vials 

with the tubing immersed in the substrate were incubated for a 

minimum 12 hours prior to the examination. We have also de-

veloped an alternative approach suitable for the delivery of 

compounds not penetrating the tubing wall based on the addi-

tion of substrate-enriched oil to the primary oil flow (Support-

ing material). 

Analysis of halogenated compounds partitioning and deliv-

ery. The equilibrium distribution between the fluorinated oil 

FC40 and a buffer solution (1 mM HEPES buffer, pH 8.0) was 

studied for a set of halogenated compounds by monitoring the 

concentration in both of the immiscible phases using gas chro-

matography (Supporting Table S1). The specific 

FC40/HEPES buffer partition coefficients (LogPFC/buf) ranged 

from -1.79 to 2.47, however, most of the compounds prefer the 

fluorinated oil phase with LogPFC/buf > 0. Partitioning coeffi-

cients LogPFC/buf correlates well with the partition coefficients 

for octanol/water (LogPoct/wat) retrieved from the ChemSpider 

database (R2 = 0.91) (Figure 2). 

The relationship between LogPFC/buf and LogPoct/wat indicates a 

reduced solubility of the tested compounds in FC40 in compar-

ison to octanol which is consistent with previous studies assum-

ing reduced solubility of short halogenated compounds in fluor-

inated oils.24,25 Still, the concentrations reached several to ten´s 

mM in fluorinated oil and thanks to lowering of LogPFC/buf all 

the tested compounds approached a concentration in water 

phase comparable with conditions achieved in a conventional 

assay where the compounds are solubilized directly in an 

aqueous phase. The relationship between LogPFC/buf and Log-

Poct/wat was used for an estimation of an equilibrium distribution 

of the tested compound in a two-phase microfluidic system but 

can also be applied for a prediction of the behavior of other 

structurally similar compounds. Next, we estimated the kinetics 

of the distribution process. We calculated the diffusion times of 

1,2-dibromoethane in H2O and FC40 for a distance of 1 µm un-

der static conditions using the methodology described previ-

ously elsewhere (Supporting Material).16 The calculated times 

0.61 ms and 1.51 ms for H2O and FC40, respectively, indicate 

rapid equilibration during compound delivery with no signifi-

cant limitations for the kinetics of the biochemical reaction, 

which incubate on a time scale of minutes. The compound trans-

fer and equilibration is expected to be even faster during the 

flow regime of operation due to convection.26 The transfer of 

the compounds to the oil and water phase has been tested ex-

perimentally in a microfluidic system (Supporting Figure S2). 
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Figure 1: Capillary–based microfluidic platform and its calibration. (A) A scheme of the platform. Aqueous samples are loaded 

in a bottomless rack (1), which is placed at the top of an oil bath of the Dropix instrument. Droplets are generated by a vertical 

movement of a hook (2) with a polyethene tubing up and down between the oil bath and the rack with samples. Different enzyme 

samples are exchanged by a horizontal movement of the hook. Polyethene tubing connected to a syringe pump in a withdrawal mode 

(5) is going through an incubation chamber (3) and a black Delrin (DuPont) cube (4) serving as a detection point. Excitation light 

from a laser source (6) is brought to the tubing inside the detection cube. The reflected emission light is collected after passing through 

a dichroic mirror (7) at a photodetector (8). The system temperature is precisely controlled by a custom-made heating block (9). (B) 

A raw signal from the calibration sequence. Dilution series of a hydrochloric acid run in ten repetitions was used in the calibration. 

The blue color represents a signal above the threshold used for the droplet detection. The red color represents a signal peak averaged 

during the droplet analysis. (C) The mean value of the measured signal for each concentration. A box represents 25/75 percentile and 

whiskers minimum/maximum of the data. The initial and ending droplet buffer sequences are black and red, respectively. (D) A linear 

regression was used to obtain a calibration slope. The error bars represent standard error to the data. 

 

We studied the concentration of compounds in FC40 and aque-

ous droplets and the dependency on varying the aspiration rate 

from 5 µL.min-1 to 20 µL.min-1 that resulted in droplet residence 

times from 1 to 5 minutes. The different flow rate (different in-

cubation time) did not significantly affect the final concentra-

tion of the compounds in both phases supporting the rapid equi-

libration estimated from diffusion times. The concentrations for 

the tested compounds ranged based on solubility from 3 to 60 

mM in the FC40 and from 0.4 to 20 mM in the buffer.  

Design of temperature control. To control the temperature of 

the incubation chamber, we manufactured a copper block with 

a drilled hole for bringing a thermocouple into direct contact 

with the vial (Supporting Figure S3). Heating and cooling 

were achieved by a Peltier element glued to the copper block 

and controlled by the manufacturer’s computer software. Ex-

cess heat was removed by a heat pipe connected to a cooler with 

a fan. The system working temperature ranged from 5 °C to 90 

°C, with 0.1 ºC accuracy. Heat transfer in the droplets on a short 

distance is a fast phenomenon and the droplet reaches target 

temperature upon arrival to the vial placed in the heated block 

in less than 1 s.8  

Design of detection method. We employed pH-based fluores-

cence assays for monitoring the enzymatic activity in the mi-

crofluidic droplets generally applicable for numerous enzyme 

families that are important for industrial or medical applications 

(e.g., esterases, ureases, lipases, proteases, pyruvate kinases, 

glycoside hydrolases or glucose oxidases). Small changes in the 

pH can be observed in simple systems consisting of a weak 

buffer, e.g. HEPES, and complementary fluorescent indicator, 

e.g. 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS).27 The re-

action mixture acidification results in a decrease of the fluores-

cence signal that is monitored with a planar laser-induced fluo-

rescence by a single optical fibre.28  
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Figure 2: Comparison of partitioning coefficients. Correla-

tion between the partitioning coefficients of 25 halogenated 

compounds obtained in octanol/water and in FC40/HEPES 

buffer at 37 °C. The octanol/water partitioning coefficients 

were retrieved from the ChemSpider web server 

(http://www.chemspider.com). Partitioning in the fluorinated 

oil FC40 and aqueous 1mM HEPES buffer (pH 8.0) was deter-

mined using a gas chromatography as described in the Methods 

section. 

 

A reaction progress as an end-point measurement is recorded 

after passing through the incubation chamber inside a detection 

cube bringing the tubing and the optical fiber to a close proxim-

ity at a perpendicular orientation (Figure 2A). Planar laser-in-

duced fluorescence approach was used for the signal acquisi-

tion.28 Blue laser (450 nm) was focused into the optical fiber, 

thus directly the exciting content of the tubing. The perpendic-

ular position of the optical fiber and the tubing was secured by 

an in-house fabricated black acetal cube with a screw-thread for 

the fiber. The excitation light is transferred to the sample only 

in the central part of the optical fiber, whereas the emission light 

was collected by all surrounding fibers. Such an optical bundle 

setup significantly reduces noise from the excitation light and 

increases the amount of the collected light where the excitation 

source has enough power. The excitation wavelength was fil-

tered using a dichroic mirror with the cut–off 490 nm. Finally, 

an analogue–to–digital board was used to read the voltage out-

put from the photodetector. The signal was recorded using our 

own LabView code and further processed in MATLAB. The 

assembled system was calibrated for the monitoring of the pH 

change using 2 mM, 1.0 mM, 0.5 mM and 0.25 mM HCl.. The 

calibration was performed in the HEPES buffer (1 mM HEPES, 

20 mM Na2SO4, pH 8.0) with 50 µM HPTS as the fluorescence 

indicator. A further decrease in the acid concentration was not 

distinguishable from the buffer solution (Figure 1B). The cali-

bration consisted of a continuous sequence of the buffer, 

HCl/HBr in a descending concentration and a buffer, where 

each solution was loaded as 10 droplets of 150 nL volume with 

300 nL oil spacing. Such a calibration sequence was repeated 

every time a new tubing was inserted in the reading cube to es-

timate the calibration slope. The standard deviation among 

droplets with the same solution was typically lower than 1 % 

(Figure 1). 

Comparison of microfluidic, robotic and conventional 

method. Specific activities of the model enzyme, haloalkane 

dehalogenase LinB from Sphingobium japonicum UT26,29 with 

a standard set of 27 representative substrates were measured us-

ing the microfluidic system and a liquid handling robot. Both 

the microfluidic and robotic data sets were compared with pre-

viously reported values obtained by conventional biochemical 

assay (Supporting Table S2).22 A positive enzymatic activity 

was observed for 23 substrates, while 4 substrates were not con-

verted. This result was consistent throughout all the three data 

sets, conventional, robotic and microfluidic (Figure 3A). A 

quantitative analysis showed a strong correlation of the conven-

tional measurement with robotic and microfluidic analysis with 

the Pearson coefficients 0.89 and 0.94, respectively (Figure 3A 

inset). A slight shift was observed for absolute values, the ro-

botic data exhibit a 23 % increase while microfluidic data a 37 

% decrease of averaged activity values in comparison to the 

conventionally measured data set. Generally, the conventional 

method requires about 2-3 weeks to measure the substrate spec-

ificity profile for a single enzyme. The employment of robotic 

liquid handling sped up the process about 8–fold.30 However, it 

still required relatively large amounts of samples (Table 1). The 

microfluidic screening of 8 model enzymes with 27 substrates 

was achieved within 24 hours, which speeds up the process 

nearly 100 times in comparison to the conventional method. 

The reaction volume scaled down to the 150 nL, representing 

about a 65 000-fold reduction in the sample volume require-

ment.  

 

Table 1: Comparison of the conventional, robotic and capil-

lary-based microfluidic determination of the substrate specific-

ity profiles. 

 
Conventional Robotic Microfluidic 

Reaction volume 

(mL) 
10 1 0.00015 

Total enzyme 

(mg) 
540 54 0.05 

Total time (days) 100 30 1 

Reproducibility + ++ +++ 

Complexity +++ -- --- 

Initial costs $ $$$ $$ 
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Figure 3: Analysis of substrate specificity and Principal Component Analysis. (A) Comparison of the substrate specificity profiles 

of HLD LinB determined by using a conventional method (black), a liquid handling robot (green) and a capillary-based microfluidics 

(orange). A positive activity for 23 out of 27 tested substrates was observed in all cases. A complete list of substrates and their specific 

activities is provided in the Supplementary material. The error bars represent standard errors to the data. Specific activities for the 

conventional measurement were taken from Koudelakova et al. 22 The inset shows the correlation for the specific activities of the 

conventional, robotic (green) and capillary-based microfluidics data (orange). (B) Comparison of the specificity profiles of 8 different 

enzymes using Principal Component Analysis of the transformed specific activities determined with 27 halogenated compounds. The 

score plots presenting the data from the conventional and the capillary-based microfluidics. The score plots are two-dimensional 

projections of two factors covering the highest variability of the data. HLDs cluster into three substrate specificity groups visualized 

using the ovals.
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Validation of microfluidic method in combinatorial speci-

ficity screening of eight model enzymes. Next, we applied the 

microfluidic system for combinatorial screening of the activity 

of eight HLDs towards a set of 27 representative substrates 

(Supporting Table S3). The obtained microfluidic data were 

statistically analyzed by using Principal Component Analysis 

(PCA) and compared with conventional data reported previ-

ously by Koudelakova et al. (Figure 3B).22 The PCA analysis 

of both the conventional and microfluidic analyses identically 

clustered the enzymes to three substrate specificity groups. The 

Principal components 1 and 2 summed cover 52.4 and 51.1 % 

variances in the data for the conventional and microfluidic ap-

proaches, respectively. Both analyses yield closely similar co-

ordinates for the same enzymes. Larger deviations were de-

tected only for the DrbA and DatA, which both represent en-

zymes with lower specific activities. 

 

Figure 4: Evaluation of temperature optima. Comparison of 

enzyme temperature optima determined by a conventional 

method (white) and capillary-based microfluidics (black). Con-

ventionally determined temperature optima were extracted from 

the study of Koudelakova et al.31 LinB, DmbA, DhlA, DbeA, 

DatA, DrbA, DbjA, and DhaA the wild type enzymes, 

DhaA115 is a hyperstable variant engineered by computational 

protein design32 and ancHLD-RLuC is a hyperstable recon-

structed ancestral protein of HLDs and Renilla luciferase. The 

inset shows the correlation between conventional and microflu-

idic data. 

 

Analysis of temperature optima. The temperature optimum 

was determined for the set of eight HLDs previously used for 

the specificity screening, all showing mesophilic characteristic 

with temperature optimum between 40 °C to 50 °C.31 For better 

comparison, the set of tested enzymes was additionally enriched 

by two HLDs variants with significantly improved thermal sta-

bility: (i) hyperstableDhaA115 engineered by using FireProt 

computational protein design32 and (ii) hyperstable ancHLD-

RLuc, which is a reconstructed ancestral protein of HLDs and 

Renilla luciferase (unpublished results) (Figure 4). In the ex-

periment, 1,2-dibromoethane served as a substrate and the reac-

tions were measured by the 5-degree increment from 30°C to 

80 °C. The temperature optima obtained by microfluidic 

showed an excellent correlation (R2 = 0.95) with conventional 

data previously reported for the tested enzyme variants (Figure 

4 inset). 

 

CONCLUSIONS 

In the classical droplet microfluidics, a droplet is often consid-

ered as a self-contained reactor flowing in the carrier phase.26 

However, droplets are not isolated objects and a leakage of hy-

drophobic compounds to an oil phase can be only partially pre-

vented.20,33 We have shown that hydrophobic compounds can 

be distributed from an oil phase (substrate stock) into an aque-

ous droplets while keeping the substrate saturating conditions 

for the maximum activity performance. This overcomes the 

problem of containment of hydrophobic compounds in droplets 

in the classical droplet microfluidics, where compounds with an 

octanol-water partition coefficient larger than zero escape from 

water reaction droplets and disperse in fluorinated oil. Instead 

of treating droplets as isolated compartments in the carrier 

phase, we deliver hydrophobic compounds via a water-oil inter-

face by the means of reaching equilibrium between the two 

phases. Substrate loading via an oil phase enables an analysis 

of hydrophobic compounds, which would not be possible using 

the classical approach where all reactants are present and deliv-

ered via aqueous solutions. Our analysis of short halocarbons 

revealed a high correlation (R2 = 0.91) of water-oil partitioning 

with the logPs reported in standard octanol-water conditions.  

The novel substrate delivery opened the possibility to adopt 

classical microfluidics for the analysis of reactions including 

compounds with limited water solubility. We demonstrated the 

utility of this approach during the combinatorial screening of 

the activity of the model enzymes family, haloalkane dehalo-

genases, with a representative set of hydrophobic substrates. 

The biochemical data obtained using the droplet-based micro-

fluidic system were critically compared with the conventional 

and robotic analyses. The quantitative comparison showed a 

high correlation between conventional and microfluidic meas-

urements with the correlation coefficients 0.94 and 0.98 for sub-

strate specificity and temperature optimum data, respectively. 

The presented platform will find use in screening campaigns for 

rapid profiling of activity, substrate specificity and temperature 

profiles from psychrophilic to thermophilic enzymes. The pre-

sented method uses a fluorescence probe to monitor a change of 

pH universal for numerous enzyme families that are important 

for industrial or medical applications (e.g., carboxylesterases, 

acetylcholinesterases, ureases, lipases, proteases, pyruvate ki-

nases, glycoside hydrolases or glucose oxidases), without re-

quirements for specific fluorogenic substrates. Additionally, the 

presented detection approach is not limited to the fluorescence 

only and can easily be applied also in the absorbance mode as 

demonstrated elsewhere34–36. 
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