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INTRODUCTION

Directed evolution mimics the process of natural evo-
lution in the laboratory and has been used to engi-
neer bio-  molecules with improved functionalities via 
multiple rounds of mutation followed by selection of 
variants that show improvement of the desired prop-
erties (Arnold, 1998, 2018; Renata et al., 2015; Zeymer 

& Hilvert,  2018). Specifically, enzymes have been 
evolved that show increased activity, increased ther-
mostability (Giver et al., 1998; Qu et al., 2020), stabil-
ity in an alternative medium resembling human blood 
(Mate et al., 2013), enantioselectivity (Prier et al., 2017), 
novel reactions (Molina- Espeja et al.,  2016; Renata 
et al.,  2015), or a combination of above- mentioned 
properties (Li et al., 2016).
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Abstract

Directed evolution (DE) is a widely used method for improving the function 

of biomolecules via multiple rounds of mutation and selection. Microfluidic 

droplets have emerged as an important means to screen the large libraries 

needed for DE, but this approach was so far partially limited by the need to 

lyse cells, recover DNA, and retransform into cells for the next round, neces-

sitating the use of a high- copy number plasmid or oversampling. The recently 

developed live cell recovery avoids some of these limitations by directly re-

growing selected cells after sorting. However, repeated sorting cycles used 

to further enrich the most active variants ultimately resulted in unfavourable 

recovery of empty plasmid vector- containing cells over those expressing the 

protein of interest. In this study, we found that engineering of the original ex-

pression vector solved the problem of false positives (i.e. plasmids lacking an 

insert) cells containing empty vectors. Five approaches to measure activity 

of cell- displayed enzymes in microdroplets were compared. By comparing 

various cell treatment methods prior to droplet sorting two things were found. 

Substrate encapsulation from the start, that is prior to expression of enzyme, 

showed no disadvantage to post- induction substrate addition by pico- injection 

with respect to recovery of true positive variants. Furthermore in- droplet cell 

growth prior to induction of enzyme production improves the total amount of 

cells retrieved (recovery) and proportion of true positive variants (enrichment) 

after droplet sorting.
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Smart library design addresses the problem of li-
brary size by targeting mutations to small regions of 
interest in a sequence, thus achieving a high coverage 
even with a small library size (Qu et al., 2020). Smart li-
brary design can reduce the amount of sequence space 
needed to explore to find variants with improved func-
tions. However, the design of smart libraries relies on 
existing knowledge of enzyme structure and function 
to identify and select regions to mutate. Furthermore, 
small library design restricts mutations to a small part 
of the sequence. Thus, smart libraries negate a main 
advantage of directed evolution. As smart library de-
sign focuses on mutational hotspots, variants with 
mutations in unexpected locations will be missed, as 
such locations are excluded from the library designed 
(Romero & Arnold, 2009). Furthermore, a larger library 
size allows screening of double or even triple mutations 
allowing ‘jumps’ through sequence space, bypassing 
dead ends and epistatic ratchets in which a double mu-
tation is beneficial but neither of the single mutants are 
(Bridgham et al., 2009; Starr & Thornton, 2016).

Many methods have been used for high- throughput 
screening, but they have various limitations. For ex-
ample, colorimetric screening of colonies on agar 
plate gives only a yes or no answer regarding cata-
lytic activity (Pikkemaat & Janssen,  2002; van Loo 
et al.,  2004). Other methods are only able to detect 
shifts in catalytic activity in a narrow range. Antibiotic 
selection allows for screening of very large libraries, 
but narrows the substrate scope to those with antibiotic 
properties (MacBeath et al., 1998; Orencia et al., 2001). 
Fluorescence- cctivated cell sorting (FACS) is use-
ful for sorting large libraries but is unsuited for enzy-
matic activity, as substrates and reaction products 
can move freely in solution and thus do not stay linked 
to the cell genotype (Leemhuis et al.,  2005; Yang & 
Withers, 2009). Microtiter plate screening is quantita-
tive, but throughput is limited and requires complex ro-
botic setups to achieve throughputs above 103.

Microfluidics has recently emerged as an technique 
with which to screen the large libraries needed for DE 
(Neun et al., 2020). By encapsulation of single cells in-
side microdroplets, a high- throughput can be achieved 
with a wide range of enzymatic reactions, as each mi-
crodroplet functions as a mini- reactor with one geno-
type and phenotype (Agresti et al., 2010; Fallah- Araghi 
et al., 2012; Gielen et al., 2016; Mair et al., 2017). Neun 
et al. (2019) is an example of encapsulation of single 
cells in a droplet. In droplet- compartmentalised in vitro 
expression systems (Courtois et al.,  2018; Holstein 
et al., 2021), there is no barrier to the encounter of en-
zyme and substrate. The use of microfluidics to gen-
erate water- in- oil- in- water double emulsions allows 
turnover screening using FACS (Tauzin et al.,  2020; 
Zinchenko et al., 2014). A disadvantage of many cell- 
based protein expression systems is that they require 
at least a partial or temporary lysis to allow a reaction 

prior to product detection in microfluidic droplet sorting. 
Cell lysis releases the expressed enzyme into the solu-
tion and allows interaction between enzyme and sub-
strate. Partial cell lysis using carefully adjusted reaction 
conditions (Tauzin et al., 2020) or a kill switch (Wong 
et al., 2021) allows recovery of the DNA of selected hits 
after regrowing cells from droplet hits. When cells can-
not be regrown a retransformation step is required to 
recover the DNA.

DNA is usually recovered from high- copy plasmids 
with or without an extra step of PCR amplification. As 
a consequence, in order to recover the plasmids of 
selected variants, obtained plasmid DNA needs to be 
retransformed into fresh E. coli cells (Colin et al., 2015; 
Kintses et al.,  2012; Neun et al.,  2022; Zinchenko 
et al.,  2014). The retransformation is very efficient 
(>85%) (Kintses et al.,  2012) when a high- copy plas-
mid is used, but a PCR step is necessary when such 
a plasmid is not suitable, leading to a potential loss of 
sorted diversity (Obexer et al., 2017). Furthermore, the 
addition of lysis agents containing biosurfactants solu-
ble in aqueous phase, such as Triton or Tween, might 
lead to reduced stability of the droplet emulsion, which 
has to be prevented by increasing the concentration of 
expensive fluorsurfactants in the oil phase.

The advantage of cell growth in droplets in E. coli 
for recovery of variants has been shown recently, to 
effectively increase recovery, and obtain much higher 
diversity after transformation (Zurek et al., 2021). All 
these methods so far employ cell lysis as a part of the 
protocol to enable the access of the substrate to the 
expressed enzymes for enzymatic turnover to occur. 
(Colin et al.,  2015; Kintses et al.,  2012; Zinchenko 
et al., 2014). To circumvent the need for cell lysis pro-
tein can be displayed in the periplasm or on the sur-
face of intact cells (Agresti et al., 2010). Periplasmic 
expression of L- asparaginase in E. coli was recently 
shown by Karamitros et al.  (2020). By expressing 
enzyme in the periplasm, substrate turnover can be 
performed by intact cells. Another promising method 
for surface display is the E. coli autodisplay system, 
which uses the AIDA autotransporter system to pres-
ent proteins, including enzymes, on the surface of E. 
coli (Jose, 2006; Jose et al., 2012). Autodisplay has 
been used to display various proteins on the surface of 
E. coli (Jose, 2006; Jose et al., 2012; van Loo, Bayer, 
et al.,  2019) and applied before for high- throughput 
screening towards substrates covalently bound to 
the cell surface (Becker et al.,  2007, 2008) recently 
used in high- throughput screening for direct enzy-
matic turnover, identifying a 30- fold improved vari-
ant in activity towards fluorescein disulfate after only 
one round of evolution. Furthermore, fluorescence- 
activated droplet sorting (FADS) has already been 
successfully used to sort DE libraries of arylsulfatase 
SpAS1, presented on the outer membrane of E. coli 
(van Loo, Heberlein, et al.,  2019). However, in that 
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study, only 12% of the cells selected and sorted were 
recovered. Whilst this is a substantial fraction of the 
diversity, this means that recovery could potentially 
be up to around eightfold more efficient.

In the study by van Loo et al., expression was in-
duced in bulk in a flask prior to encapsulation of single 
cells into microdroplets (hereafter described as bulk 
induction). A downside of bulk induction is the risk of 
formation of a biofilm which can interfere with drop-
let encapsulation, this biofilm is suspected to be the 
result of dimerization of SpAS1 on the cells surface, 
although this was not confirmed. Thus, oversampling 
during the droplet sorting is required to fully recover di-
versity, that is to obtain each unique variant found in 
the assay. By performing both growth and induction 
after encapsulation inside a microdroplet, biofilm for-
mation is prevented. Recovering at least one selected 
variant from each droplet reduces the amount number 
of droplets that need to be screened, as each theoreti-
cal variant needs to be selected only once. This in turn 
reduces the time needed and the amount of reagents 
consumed, such as substrates and fluorosurfactants. 
Consequently, a library could be screened faster, and a 
larger diversity could be covered in the same time with 
complete recovery of all variants. The advantage of 
screening microdroplets containing a single cell is the 
linkage of genotype/phenotype as each droplet con-
tains only one distinct variant. However, the presence 
of only one cell per variant limits the maximal recov-
ery of variants. To recover 100% of sorted diversity (i.e. 
every variant that gives a positive signal is retrieved), 
every sorted cell has to grow into a full- sized colony, 
allowing zero room for mechanical or biological losses. 
By inoculating droplets with a single cell and includ-
ing a growth step in the protocol genotype/phenotype 
linkage is also retained as all cells inside each droplet 
are clones of the encapsulated cell (Tauzin et al., 2020; 
Wong et al., 2021; Zurek et al., 2021). At the same time 
by including a growth step, several shortcomings of 
working with single cells can be avoided though fol-
lowing advantages: (i) multiple copies of each variant 
can be recovered, thus allowing recovery of full library 
diversity even if not all sorted cells grow into a colony 
(ii) more cells per volume, and thus more enzymatic 
turnover, can increase sensitivity of the method (iii) 
effect of false positives may be less pronounced, by 
preventing the dilution of positive variants in iterative 
screening rounds.

Although live cell recovery sidesteps some of the 
issues of conventional lysis protocols. This approach 
can still be improved. In this study, we seek to address 
the issue of optimal recovery of diversity after live cell 
screening with FADS. To this end, two things should be 
optimised: (i) to recover a higher percentage of sorted 
diversity and (ii) to obtain a higher rate of true posi-
tive variants. Therefore, we compare screening of sin-
gle cells in microdroplet to in- droplet cell growth. We 

also investigate the effect of utilising pico- injection to 
add solutions to microdroplets as opposed to a single- 
step process in which all reagents are added during 
the initial encapsulation in microdroplets, after which 
the microdroplets are not further manipulated prior ac-
tivity measurement and sorting. Through combinations 
of single- cell vs. cell growth and one- pot vs. multistep 
assay, we compare five different strategies for (Figure 1) 
live cell recovery after FADS. The previously used 
method as described in van Loo, Bayer, et al., (2019) is 
methodically compared with a novel method for grow-
ing E. coli cells inside microdroplets to further increase 
the total amount of cell retrieved after sorting (recovery) 
and proportion of true positive cells containing the plas-
mid encoding the active enzyme (enrichment) achiev-
able. The aim is to improve on the current method by: 
(i) vector redesign, eliminating the ‘empty plasmid’ vari-
ants in the sorting procedure (ii) growing an E. coli cul-
ture inside microdroplets starting from a single- cell and 
(iii) using pico- injection (Abate et al., 2010) to add in-
ducer and/or substrate after single- cell encapsulation.

RESULTS AND DISCUSSION

The effects of different methods on the recovery 
(amount of variants recovered) and enrichment (high 
proportion of true positives) of an enzyme expressed 
on the surface of E. coli through an autotransporter 
system were investigated for the specific example of 
SpAS1. SpAS1 is part of the Aryl Sulfatase clade of 
the Alkaline Phosphatase (AP) superfamily (Mohamed 
& Hollfelder,  2013; van Loo, Bayer, et al.,  2019; van 
Loo, Heberlein, et al., 2019). During initial droplet sort-
ing experiments the amount of blue (active) colonies 
increased after each subsequent sort, and the amounts 
of (inactive) variants increased (Table  S2), resulting 
in nearly all variants being negative after four rounds 
(Table S1). PCR testing confirmed all negative variants 
contained the pBAD- AT plasmid with no SpAS1 insert. 
To verify the reason for negative enrichment, a mock 
recovery after bulk expression with known amounts of 
positives (pBAD- AT- His6- SpAS1WT) and negatives 
(pBAD- AT without insert) was performed. It was shown 
that the negative plasmid was enriched at three-  to five-
fold after recovery from bulk- expression (Table S2). As 
the amount of colonies recovered is proportional to the 
amount of cells plated, the negative enrichment hinges 
on lower than expected recovery of active (blue) vari-
ants (Table S3).

To address negative enrichment, a twofold approach 
was taken. The initial vector was modified to move the 
auto-  transporter sequence in the empty plasmid in 
frame with the start codon. Expression of the autotrans-
porter in the empty plasmid should reduce negative en-
richment by bringing recovery of ‘empty vectors’ on par 
with expressing variants. Second, glucose and fucose 
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were added during the recovery process to aid in re-
covery of the cells after the droplet sorting procedure.

None of the additives (Glucose or Fucose) sub-
stantially altered the enrichment of pBAD- AT or 
pBAD- AT- shift (Table  S4). Vector pBAD- AT- shift led 
to substantially reduced negative enrichment during 
competition experiments (Figure  S2) compared with 
vector pBAD- AT. In pBAD- AT- shift the autotransporter 
construct is in frame with the constructs start codon 
even if vector is lacking the insert (Figure  2). Whilst 
use of pBAD- AT- shift instead of the pBAD- AT plas-
mid (Figure 3) may reduce negative enrichment, it did 
not improve the recovery of active variants. Next, the 
effects on enrichment in microdroplet format were in-
vestigated. Whilst encapsulated single cells have been 
successfully used for high- throughput lysis- free screen-
ing (van Loo, Heberlein, et al.,  2019), full recovery of 
selected variants was not realised, requiring oversam-
pling to recover full diversity. By combining encapsula-
tion of single cells in microdroplet with subsequent cell 
growth in droplets spatial genotype/phenotype linkage 
is maintained whilst increasing the amounts of copies 
per variant recovered.

F I G U R E  1  Overview of sorting protocols compared. Single cells were sorted after induction in bulk (A) or induction in droplet by pico- 
injection (B). Cells were grown inside droplets using autoinduction, where substrate was added during encapsulation (C) or pico- injected 
after induction (D). Finally, cells were incubated inside droplet with two separate pico- injections to (1) induce and (2) add substrate (E). This 
figure was prepared with BioRe nder.com.

F I G U R E  2  SpAS1 expressed on the surface of E. coli. Aryl 
sulfatase SpAS1 is linked to a B- barrel that transports the protein 
to the outer membrane and displays the enzyme on the surface of 
the cell. A signal peptide directs the protein to the inner membrane. 
The plasmid is induced upon adding arabinose by the araBAD 
promotor.

http://biorender.com
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Due to the overwhelming effect of the pBAD- AT- 
shift vector on negative variants, only pBAD- AT- shift 
(Figure  3) was used for all experiments in micro-
droplet. The single- cell protocol (A) was repeated 
and compared with additional protocol using pico- 
injection to induce individual cells in droplet rather 
than in bulk (B).

In- droplet cell growth was implemented in three pro-
tocols: encapsulating cells with autoinduction medium 
and substrate (1a) (Figure 1C, Figure S1), encapsula-
tion of cells with autoinduction medium, followed by 
pico- injection of substrate (1a) (Figure 1D, Figure S1) 
and encapsulation of cells with growth medium fol-
lowed by pico- injection of inducer (l- arabinose) and 
subsequent second pico- injection of substrate (1a) 
(Figure 1E, Figure S1).

The new workflows seek to address two different 
issues. (1) Increasing the amount of recovered cells, 
for which in- droplet cell growth is used (method C– E) 
and (2) improving the degree of control over the system 
through inclusion of pico- injections. A downside of ex-
pression in droplet over flask expression in the difficulty 

of further manipulating the cell(culture) after cells and 
medium have been encapsulated. Using pico- injection, 
the contents of the droplet can be modified after encap-
sulation, allowing manipulations such as induction or 
addition of substrate whilst maintaining the genotype/
phenotype link in the droplet. Sorted droplets were 
plated after a two- hour incubation in Lucigen recovery 
medium (Lucigen). The amount of cells recovered per 
droplet varied per competition but was below 1 in all 
cases (Figure 4). In the case of in- droplet growth, 3– 5 
colonies were recovered when recovered droplets were 
plated directly after sorting (Figure 4). Although recov-
ery was improved after a two- hour incubation, omitting 
this step still resulted in recovery of multiple colonies 
per sorted droplet. As such, cells can be plated directly 
after sorting rather than after an incubation step that 
could introduce additional bias. Recovery values were 
substantially higher in the populations sorted using 
cell- growth protocols as opposed to single- cell proto-
cols (Figure 4).

Recovered colonies were counted, scraped from 
agar plate and resuspended into LB medium +15% 

F I G U R E  3  Plasmid sequence of pBAD- AT (top) and pBAD- AT- shift (bottom). The pBAD- AT vector contains the autotransporter 
sequence, an ampicillin resistance gene (AmpR), pBR322 origin of replication, AraC and AraBAD cassete. The pBAD- AT- shift is a modified 
version of pBAD- AT in which the autotransporter construct has been brought in frame with the start codon. This means any ‘empty plasmid’ 
without sequence insert will express the Aida autotransporter construct.
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(v/v) glycerol. Next, cells were transferred to nitrocellu-
lose plates on LB- medium containing sulfate ester (3a) 
(Figure S1). White (inactive) and blue (active) colonies 
were counted (Table S5).

For each five protocols (A– E), three competition ex-
periments were performed: mock plasmid vs. active en-
zyme, inactive enzyme (C53A) vs. active enzyme (WT), 
and active enzyme (WT) vs. improved enzyme (R419Q). 
Cells recovered from protocols (A) and (B) (Figure 1) 
showed recovery below 100% in all cases and substan-
tially lower recovery for the C53A vs. WT competition. 
Cells recovered from growth methods (C), (D) and (E) 
(Figure 1) show recovery of multiple copies each vari-
ant per collected droplet (Figure  4, Figures  S3– S7). 
Recovery was increased approximately threefold after 
a 2- h incubation (Figure S8) in Lucigen recovery me-
dium (Lucigen). In contrast to the single- cell protocol, 
the incubation step is not necessary to recover cells, 
whilst it quantitatively increases recovery. Recovery of 
active variants was markedly highest for protocol (C), in 
which cells were grown in autoinduction medium with 
the presence of substrate from the beginning of droplet 
culture. Addition of pico- injection steps in protocol (D) 
and (E) (Figure 1) appear to reduce the enrichment of 
active variants (Figure 4).

In this study, we have compared five different meth-
ods to screen and recover live E. coli using FADS. We 
have shown that using in- droplet cell growth increases 
both the total amount of cells retrieved (recovery) and 
the proportion of true positives retrieved (enrichment) 

obtained through live cell FADS. Three lines of inquiry 
were pursued to improve the efficiency of live cell re-
covery after microfluidic droplet sorting: (i) engineering 
of the expression vector (ii) Incorporating cell- growth in 
droplet. (iii) Incorporating pico- injection to add inducer 
and/or substrate.

It was found that an empty plasmid not express-
ing any protein (Figure 3) had a substantial selective 
advantage over a vector expressing SpAS1 as a pas-
senger (gene of interest linked to autotransporter con-
struct). Whilst an empty plasmid that expresses only 
the autotransporter/linker protein without passenger 
has no substantial selective advantage over a plasmid 
carrying SpAS1 as passenger (Figure S1), this may be 
explained by the added burden on the cell expressing 
the autotransporter.

Incorporating a growth step prior to sorting has a 
substantial effect on recovery of cells per droplet, whilst 
a fraction of variants were recovered on plate after 
sorting for the single- cell methods (Figure 4). Several 
copies of each variant per droplet were recovered after 
sorting using cell- growth methods. As each cell recov-
ered from the same droplet is a descendent of the ini-
tially encapsulated cell, full recovery of sorted diversity 
is possible, even when not every cell is recovered.

Although single- cell sorting leads to enrichment of 
active variants, the amount of cells recovered after 
sorting remains relatively low. In addition, enrichment 
is still far below theoretically possible numbers, and 
many variants remain unrecovered. The main issue lies 
with the negative enrichment that occur during incuba-
tion after sorting. Addition of fucose or glucose during 
the incubation or recovery had no substantial effect on 
negative enrichment during mock encapsulation or re-
covery (Figure S1). Recovery of live cells removes the 
need to amplify DNA and retransform cells plasmid 
DNA after selection. Whilst small plasmids can achieve 
high efficiency in retransformation, the recovery of 
larger plasmids requires a DNA amplification step for 
sufficient recovery of diversity (van Loo, Heberlein, 
et al., 2019). After sorting, intact cells can be directly 
plated on agar medium to obtain colonies, preventing 
the loss of diversity and introduction of bias. The initial 
protocol based on screening single cells in droplets has 
been successfully used in a directed evolution protocol 
resulting in up to 30- fold improved catalytic efficiency 
(kcat/Km) in variants of aryl sulfatase SpAS1 (van Loo, 
Heberlein, et al.,  2019). However, the number of re-
covered variants and the enrichment of active variants 
were limited. In this work, the original method is com-
pared with an updated method with several changes in 
protocol to improve both the recovery and enrichment 
of improved variants after fluorescence- activated drop-
let sorting (FADS).

Incorporating a growth step increased the enrich-
ment of positive variants after one round of sorting 

F I G U R E  4  Cells recovered on agar plate per 1000 sorted 
droplets for single- cell methods. Cells recovered per sorted droplet 
for each competition are shown side by side: 99% mock plasmid 
+1% active enzyme, 99% inactive enzyme +1% active enzyme and 
99% active enzyme +1% improved enzyme. Results for methods 
(A) and (B) are based upon the screening of 1,000,000 droplets 
and sorting the 0.1% fraction (1000) of droplets showing highest 
activity during fluorescence activated droplet sorting (FADS). 
Results for methods (C), (D) and (E) are based upon screening 
of 300,000 droplets and sorting and recovery of the 0.1% fraction 
(300) of droplets showing highest activity during FADS. The sorted 
droplet emulsion was broken and the released cells spread on agar 
plate. Cells were plated across three agar plates and total amount 
of recovered colonies was counted. *Sorting was performed 
according to the methods described in Figure 1A– E, respectively.
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(Table 1). Incorporation of pico- injection steps did not 
affect the total recovery (Figure 4). However, it led to a 
lower proportion of true positives, reducing, rather than 
increasing the enrichment of positive variants after one 
round of sorting (Table  1). Thus, it is concluded that 
using cell growth in droplet without addition of pico- 
injection steps results in the greatest improvement in re-
covery and enrichment. By using in- droplet cell growth 
sufficient recovery efficiency to retrieve every unique 
variant in a sorting population can be achieved. Due to 
redundancy (multiple copies of each variant), this can 
be achieved even if less than 100% of sorted cells are 
recovered. Recovering all the variety multiple cells per 
droplet can reduces sorting time needed to oversam-
ple, thus allowing larger libraries to be screened faster. 
Additionally, it makes multiple successive rounds of 
screening more feasible, as no unique variants are lost 
each round. The success of the single- step cell growth 
procedure (C) with similar efficiency to more involved 
methods involving methods involving pico- injections 
shows that it is desirable to keep the protocol as sim-
ple as possible whilst more complicated methods can 
improve experimental procedures, as was found for 
cell growth in- droplet, keeping the protocol simple is a 
consideration. Despite the tunability that pico- injection 
provides to the reaction process, a relatively straight-
forward protocol in which all reagents were added in 
a simple step ultimately provided better results. Whilst 
improving flexibility, every additional microfluidic step 
introduces an additional chance for experimental vari-
ation to affect the whole protocol. It should be kept in 
mind that whilst striving to improve experimental proto-
cols, a return to simplicity is a worthy consideration in 
experimental design.
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