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Confining Trypanosoma brucei

in emulsion droplets reveals
population variabilities in division
rates and improves in vitro
cultivation

Simone H. Oldenburg?, Lionel Buisson?, Thomas Beneyton?, Deniz Pekin, Magali Thonnus?,
Frédéric Bringaud?, Loic Riviére? & Jean-Christophe Baret'***

Trypanosome parasites are infecting mammals in Sub-Saharan Africa and are transmitted between
hosts through bites of the tsetse fly. The transmission from the insect vector to the mammal host
causes a number of metabolic and physiological changes. A fraction of the population continuously
adapt to the immune system of the host, indicating heterogeneity at the population level. Yet, the

cell to cell variability in populations is mostly unknown. We develop here an analytical method for
quantitative measurements at the single cell level based on encapsulation and cultivation of single-cell
Trypanosoma brucei in emulsion droplets. We first show that mammalian stage trypanosomes survive
for several hours to days in droplets, with an influence of droplet size on both survival and growth. We
unravel various growth patterns within a population and find that droplet cultivation of trypanosomes
results in 10-fold higher cell densities of the highest dividing cell variants compared to standard
cultivation techniques. Some variants reach final cell titers in droplets closer to what is observed in
nature than standard culture, of practical interest for cell production. Droplet microfluidics is therefore
a promising tool for trypanosome cultivation and analysis with further potential for high-throughput
single cell trypanosome analysis.

Trypanosomes are pathogenic protozoan parasites infecting mammals in Sub-Saharan African countries. T.b.
rhodesiense and T.b. gambiense sspp. are the causative agents of Human African Trypanosomiasis (HAT) better
known as Sleeping sickness!, while Trypanosoma congolense, T. vivax and the T.b. brucei ssp. are the infectious
agents in animal hosts leading to Animal African Trypanosomiasis (AAT) also known as Nagana®®. Current
treatments are complex and causing a variety of undesirable side effects, while T.b. infections being lethal if
not treated. An extensive surveillance is required to decrease HAT cases*® which all adds up to large economic
consequences in the affected areas®’.

It is well known that trypanosomes are transmitted between hosts through bites of the tsetse fly (Glossina
spp.). The repetitive switch between the insect vector and the mammal host causes a number of physiological
and metabolic changes in the life cycle of the parasites® such as cell cycle arrest, preparing the parasites to enter
the insect vector’. Within the host, a well described mechanism is sudden changes of variant surface glycopro-
teins (VSGs) allowing adaptation to the immune system of the host. This action, known as antigenic variation,
allows a small part of the population to continuously re-adapt to new immune system responses'®!!. Both
aspects require an heterogeneous behavior within the population and highlight the importance of variability
in a cell population of trypanosomes. There is therefore a need for analytical methods that provide quantitative
measurements of the cell response with a single cell resolution to identify variants potentially responsible for fast
adaptation of the population to external changes. Microfluidics provide the capabilities to multiplex biochemi-
cal assays at high-throughput down to the single cell’>"'”. Previous studies have used microfluidic tools to study
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Figure 1. Single cell encapsulation of T.b. brucei. (a) Overview of experimental procedure. Starting from

a classical cell culture, T.b. brucei cells are diluted to match the respective drop sizes used. After, the cell
suspensions are loaded into syringes enabling connection to microfluidic devices. From encapsulation, the
drops are loaded into an incubation chamber where visualization of encapsulated T.b. brucei takes place. (b)
Microscopic image of drop-making process in personalized encapsulation device visualized through x10
microscopic objective (Fig. S2a). (c) Fixed droplets containing encapsulated cells displayed in an incubation
chamber visualized through x10 microscopic objective. Red arrows highlight examples of encapsulated cells.
(d) Poisson distribution of three different sizes of drops together with the predicted statistic values with a cell
distribution of 0.175 cells per drop. All data are presented as mean values +SD made as biological replicates (n
=3). Inserted images show examples of drops containing one, two, or three cells and an uncountable quantity
defined as ‘clumps’ (C) using a x20 microscopic objective. All scale bars are set to 100 ;um. Images displayed in
a are used directly or modified in Inkscape (https://inkscape.org) from SMART (Servier Medical Art), licensed
under a Creative Common Attribution 3.0 Unported License (https://smart.servier.com).

the Trypanosoma parasite. Using optical tweezers, single-cell trapping of trypanosomes coupled to the creation
of chemical gradients, provided means to analyse the effect of drugs on the parasite!®!?. More recently, Voyton
et al. (2019) designed a trapping system to immobilize cells for single cell- imaging?. While promising, these
techniques isolate single parasites from the total population where the relative low throughput of the analysis
does not necessarily provide measurements representative of the variability observable in a large population.
Droplet-based microfluidics enable compartmentalization of single cells allowing to study heterogeneity in a
given group®'~?, to quantitatively assess the effect of drugs at the single-cell level'® and to possibly isolate extraor-
dinary variants®*?°. It has shown to be relevant as culture platforms for cells and cell populations of bacteria®*-2,
yeast??, and mammalian cells®.

Here we describe a droplet-based microfluidic approach for encapsulation and cultivation of single T.b. bru-
cei parasites in the drops of a water-in-oil emulsion. The droplets of controlled sizes serve as microreactors for
the growth of parasites from single cells. We demonstrate the viability and the proliferation of the cells within
the compartments over days. Interestingly, the variability of the division shows that a large population indeed
contains highly dividing variants which would rapidly dominate the population in a bulk culture and possibly
be responsible for drifts in culture. We also show that the final titer of the parasite in droplets exceed the maxi-
mal titer in standard cultures. Emulsion cultivation therefore appears to be a powerful cultivation method for
trypanosomes in droplets leading to titer closer to the titers found in vivo, without the need for complicating
infrastructure or animal vectors.

Results
Drop encapsulation of T.b. brucei. Bloodstream forms of T.b. brucei are cultivated in 24-microwell plates.
All survival and growth experiments are initiated from the same starting culture to reduce population variation
between different stock cultures. Growth in standard bulk culture is monitored as a control at the beginning and
the end of the experiments, to ensure that the observed differences are not caused by unstable growth from an
aging or drifting population (Fig. S1).

We use two devices to respectively encapsulate and incubate single cell T.b. brucei and quantify their growth
in nL volume microcompartments (Fig. S2). Cell suspensions are loaded into syringes in prior to injection in
the microfluidic devices (Fig.1a). For drop production, we use a dual flow device with fluorinated oil containing
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Figure 2. Impact of drop size on trypanosome survival. The figure display snapshots of encapsulated T.b. brucei
cells just after encapsulation, after 24 h of incubation and after 48 h of incubation in drop sizes of 0.2 nL (a-c),
0.5 nL (e-g) and 2 nL (i-k), visualized in incubation chamber through a x10 microscopic objective. Examples
of living cells (red arrows) and dead cells (black arrows) are seen in the close-up snapshot (d) at 24 h. In the
snapshots (h, 1) all cells are alive. All scale bars are 100um. For snapshots a—c, e-g and i-k, the corresponding
original movies, showing survival based on motion of the trypanosomes, are provided as supplementary (Movie
$1-59).

surfactant pinching the cell suspension flow creating equal sized microcompartments in the form of drops
(Fig. 1b, Fig. S2a). The flow rates of the oil and cell suspension together with the dimension of the nozzle in the
respective devices are controlling the drop sizes to reach final drop volumes Vs of 0.2 nL +1.80%, 0.5 nL +1.84%
and 2 nL £2.61%. For incubation, the drops are collected in an incubation chamber stabilizing the drops in a
monolayer display allowing the exact same drops to be analysed over periods of time, as described previously
(Fig. 1¢)®. The incubation chamber is connected to the outlet of the encapsulation device by external tubings and
has a volume of approximately 18 uL (Fig. S2b). One incubation chamber therefore provides multiplex meas-
urement of over 10* droplets. After filling, the incubation chamber is detached from the encapsulation device
and completely sealed enabling the transfer of the chamber to a cell incubator or a microscope when needed.

In order to investigate cell survival upon isolation, we optimized the number of drops containing only single
cells, while keeping the number of drops containing more than one cell at a minimum, by dilution of the encap-
sulated cell suspensions (in the range C = 0.875 — 8.750 - 10° cells/mL). The cells being randomly distributed in
the bulk suspension, the cell distribution is expected to follow a Poisson distribution: f(4; n) = e /n!, where
n is the actual number of cells in the drops and 4 is the average number of cells per drop®. A relates directly to
the cell density Cin the culture as C = 4/ Vi4ps. Using an occupation factor 4 = 0.175, we recover cell distribu-
tions consistent with a Poisson distribution for the three sizes of drops (Fig. 1d). We obtain ~ 11-15% drops
containing single cells in drop sizes of 0.2 nL, 0.5 nL and 2 nL. For all three sizes, less than 1.5% of drops contain
more than one cell. In few of the drops we observe a cluster of several cells clumping together (Fig. 1d), referred
to as clumps (C). This is a common event in in vitro cultures when populations are reaching high cell densities.
Except for these rare events, the encapsulation of trypanosomes is reliable and equivalent to the encapsulation
of any type of particles randomly distributed in the initial volume.

Survival and growth of T.b. brucei in drops. We first determine the survival of cells in droplets as a
function of droplet sizes (Fig. 2, supporting Movie S1-S6). Droplets containing cells are collected in the incuba-
tion chamber in which 200-400 cell-containing drops are counted. All counting experiments are performed in
triplicates for each experimental condition. The cells are counted directly from the incubation chamber by eye
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Figure 3. Survival and growth of encapsulated T.b. brucei. (a) Comparison of cell survival, defined as
normalized total cell number, between droplet sizes of 0.2 nL (blue), 0.5 nL (orange) and 2 nL (black) over
time. Supporting the cell survival data is the presentations of growth over time defined as normalized number
of drops containing a given number of cells in 0.2nL drops (b), 0.5 nL drops (c) and 2nL drops (d). All results
are presented as mean values +SD. Experimental data from 0.2 nL, 0.5 nL and 2 nL drops (0-48 h) are made as
biological replicates (n = 3). For 2 nL drops at time 52 to 76 h n = 2. Significance values supporting the survival
differences observed in (a) are presented in Table 1, 2 and 3.

every 4 h during daytime until death occurs and the experiments are repeated for each drop size (Fig. 2a-k). Cell
death is determined when no movement is observed in a time period of 2-3 min. In the micrographs, a dead cell
is identified as cell debris appearing as fainted traces (black arrows Fig. 2d).

We analyze the influence of the drop size on survival and growth of encapsulated T.b. brucei (Fig. 3). In the 0.2
nL drops, the total cell number increases by a factor of 1.5 during the first 8 h of incubation to reach a maximum.
After 24 h, the total cell number has reached down to the initial level and further decreased until all cells have
died (after 56 h, Fig. 3a,b). In the 0.5 nL drops, the total cell number increases by a factor of 3 with a maximum
at 24 h. All cells are dead after 72 h (Fig. 3a,c). Finally, in the 2 nL drops, the total cell number has increased by
a factor of 5 at the maximum after 32 h of incubation. After 76 h when the experiment is terminated, a small
fraction of cells remains alive (50% of the initial count, Fig. 3a,d). The initial growth dynamics is similar for all
volumes over the first 8 h of incubation. For larger incubation times the growth dynamics strongly depends on
the droplet size. From 8 to 32 h of incubation we observe a significant difference in growth between all the drop
sizes, with bigger drops reaching a higher total cell number (Table 1, 2 and 3).

We have shown that single cell T.b. brucei is indeed able to survive and grow upon isolation in a time span of
hours to days, with longer survival and higher cell number per droplet measured in larger droplets.

Growth variability between drops. We have focused on the survival and growth between different sizes
of drops. A further analysis of the data reveals three general types of growth behaviours regardless of drop size
(Fig. 4a). By tracking the individual drops over time, we observe a minor part of the drop populations contain-
ing cells dying within the first 8 h of encapsulation. In 2 nL drops, early death is observed in 11.58% of the drop
population, where in 0.2 nL and 0.5 nL drops early death is seen in 1.27% and 3.03% of the populations, respec-
tively. In a huge fraction of the drop populations, surviving cells do not undergo cell division at any time during
their lifetime occurring in 14% to 34% of the cases (Fig. 4a). The majority of the drop populations contain cells
undergoing minimum one cycle of cell division with doubling times varying from > 10 h to < 5.5 h after 8 and 24
h of incubation (Fig. 4a,b). At 8 h, all drop sizes have similar growth where 40-50% of the populations contain
cells with doubling times in the range of 8 h, and 10-20% of the drop populations contain cells with doubling
times in the range of 5 h or less (Fig. 4b (left)). At 24 h of incubation, the remaining living cells of 0.2 nL drops
and the majority of the 0.5 nL drops have doubling times higher than 10 h. The doubling times in the 2 nL drops
are about evenly distributed, in the range from 6 h up to 10 h and higher (Fig. 4b (right)). In the fast growing
drops, the maximum cell densities reached are 22, 8 and 6 cells per drop in respectively 2 nL, 0.5 nL and 0.2 nL
drops. In order to compare the droplet conditions, we calculate the cell volume density. The maximum cell den-
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Time (h) Pvalue Significance | Effect size (g)
4 0.34665 ns 0.87
8 0.01795 * 3.16
24 0.00741 o 4.09
28 0.00083 il 7.39
32 5.25°107° | * 14.94
48 0.01597 * 3.28
52 0.00283 o 8.28
56 0.00024 ok 19.17
72 0.00658 bl 6.18
76 - -

Table 1. Difference in cell survival between 2 nL and 0.5 nL drops. Statistical differences are presented as P
values. Two-sided Student’s ¢ test was used to find significance values. Effect sizes were calculated as Hedges’
£7. P> 0.05 = non significant (ns), P<0.05 = *, P<0.01 = **, P<0.001 = *** and P<0.0001 = ****,

Time (h) P value Significance | Effect size (g)
4 0.38852 ns 0.79
8 0.84538 ns 0.17
24 0.00011 e 12.36
28 42671075 | o 1575
32 13471075 | o 21.05
48 0.01305 * 3.48
52 0.00233 b 8.85
56 - -

72 - - -

76 - - -

Table 2. Difference in cell survival between 2 nL and 0.2 nL drops. Statistical differences are presented as P
values. Two-sided Student’s ¢ test was used to find significance values. Effect sizes were calculated as Hedges’
£7. P> 0.05 = non significant (ns), P<0.05 = *, P, <0.01 = **, P<0.001 = *** and P<0.0001 = ****,

Time (h) P value Significance Effect size (g)
4 0.07137 ns 2.00

8 0.05461 ns 2.20

24 0.00126 o 6.62

28 0.00144 o 6.39

32 0.00057 bl 8.12

48 0.15578 ns 1.43

52 0.20194 ns 1.25

56 - - -

72 - - -

Table 3. Difference in cell survival between 0.5 nL and 0.2 nL drops. Statistical differences are presented as P
values. Two-sided Student’s t test was used to find significance values. Effect sizes were calculated as Hedges’
g7. P> 0.05 = non significant (ns), P<0.05 = *, P<0.01 = **, P<0.001 = *** and P<0.0001 = ****,

sity in the 2 nL drops reaches a maximum of 8-11 cells/nL, in 0.5 nL drops 10-16 cells/nL and in 0.2 nL drops
reaching a maximum of 15-30 cells/nL (Table 4).

We plot growth curves corresponding to the growth observed in the drops reaching the maximum cell
densities and compare with growth from standard in bulk techniques (Fig. 4c). In the standard growth curves
two different starting concentrations are used and cells are counted every 4 h during daytime until cell densities
start decreasing. In classic growth curves the maximum cell densities reach 4-5-10° cells/mL, with the lowest
starting concentration reaching the highest density. The average of the maximum cell densities reached in drop
cultivation is 2-107 cells/mL in 0.2 nL drops, 1-107 cells/mL in 0.5 nL drops and 8106 cells/mL in 2 nl drops.

We have here measured a large variability in division within populations of T.b. brucei and shown higher maxi-
mum cell densities in droplet cultivation over standard in bulk techniques for the highly dividing fraction of cells.
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Figure 4. Growth variabilities within drop populations. (a) Divisions of the total populations in three main
behaviors; normal growth (white), survival for more than 8 h without division (grey) and early death occurring
before 8 h (black) in 0.2 nL, 0.5 nL and 2 nL drops. (b) Comparison of doubling times at 8 h and 24 h between
0.2nL drops (blue), 0.5nL drops (orange) and 2 nL drops (black). Doubling times represented by bold values

are included in the respective group. (c) Comparison of growth curves between drop cultivation (blue, orange
and black lines) and standard cultivation (brown lines) techniques. Droplet growth curves represent the fastest
growing populations in 0.2 nL, 0.5 nL and 2 nL droplets. The shaded areas show the lower and upper limits of
the cell numbers. Standard growth curves are initiated from respectively 5-10* and 5-10° cells/mL. Results in (a)
and (b) are presented as mean values of biological triplicates +SD. Results in (c) are presented as mean values

Time (hours)

+SD of biological or technical triplicates for respectively drop- and standard cultivation curves.
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Droplet size (nL) Max. cell number per drop Max. cell number per nL
0.2 3-6 15-30
0.5 5-8 10-16
2 16-22 8-11

Table 4. Maximum cell numbers reached in droplet cultivation. Overview of maximum cell number (cells per
drop) reached in the three drop sizes and the respective cell volume densities (cells per volume).
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Figure 5. Collection and incubation of 0.5 nL drops in chamber vs. collection vial. (a) Snapshots of
encapsulated T.b. brucei cells at beginning of incubation, (b) after 24 h of incubation in chamber and (¢) after 24
h of incubation in collection vial, visualized through a x10 microscopic objective. Micrographs display close-up
examples of encapsulated trypanosomes in drops of the respective collection devices. (d) Comparison of cell
survival as normalized values after collection and 24 h of incubation in incubation chamber and collection

vial. (e) Supporting cell survival data is the presentations of growth after 24 h as normalized number of drops
containing a given number of cells in the different collection devices. All data are presented as mean values +SD
made as biological replicates (n = 4). Two-sided Student’s ¢ test were used to find significance value (P = 0.16) in

(d).
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Up-scaling of drop yield. After establishing encapsulation and cultivation of single-cell trypanosomes in
microcompartment droplets, we analyse the potential of up-scaling the final drop yield (Fig. 5). T.b. brucei are
encapsulated in 0.5 nL drops and collected for 15 min. off-chip in a 200 uL plastic vial providing a collection of
> 10° droplets, allowing multiple usage of the drops by re-injection from the collection vial. After collection, the
inlet tubing is detached and closed and the vial is moved to incubation. For control, drops are simultaneously
collected in the incubation chamber, where an estimate of 300 cell containing drops are counted, functioning as
time zero for both collection devices (Fig. 5a). After 24 h of incubation the cell-containing drops are counted in
the incubation chamber (Fig. 5b) where drops from the collection vial subsequently are re-injected and counted
(Fig. 5¢).

We analyse how the survival and growth of T.b. brucei in drops are influenced by collection and incubation
in the larger collection device. After 24 h of incubation the total cell number increases by a factor around 2.5 in
both collection devices (Fig. 5d). A small non-significant increase in total cell number is seen in the incubation
chamber compared to the collection vial (P = 0.16). The cell densities inside the individual drops are likewise
similar between growth in the incubation chamber and the collection vial (Fig. 5¢). In comparison with the
previous survival and growth results of encapsulated T.b. brucei in 0.5 nL drops, we furthermore obtain almost
identical results between the two experiments emphasizing good experimental repetitiveness (Fig. S3).

We have shown that drop production can easily be up-scaled to achieve a higher drop yield without influenc-
ing survival and growth of the trypanosomes. We also emphasize the reproducibility of the survival and growth
assays executed with several months in between.

Discussion

We have here developed a droplet-based microfluidic system for creation of microcompartment droplets to suc-
cessfully encapsulate and cultivate the T.b. brucei parasite on a single-cell level (Fig. 1, Fig. 2). We have shown
how encapsulated trypanosomes survive in micron-sized droplets from several hours to days (Fig. 3). The droplet
sizes are found to positively correlate with the survival time of the encapsulated cells, making larger droplets
preferred for long-term experiments.

During trypanosome infection the parasitemia level of the infected mammal is varying from 107 cells/mL up
to 10° cells/mL with large fluctuations during the time period of the infection®-33. However, in in vitro cultiva-
tion the obtained titters of the T.b. brucei bloodstream forms are much lower. By standard laboratory techniques
cell densities reach a maximum of 4-5-10° cells/mL**-*. Different techniques involving continuously medium
refreshment have previously been described to improve the poor yield of in vitro trypanosome cultivation®*?”.
However, by cultivating trypanosomes in drops we here reach cell densities 10-fold higher than by standard
cultivation without the need of medium or nutrition replacement. Interestingly, while bigger drops have the
longest survival, we observed that smaller drops lead to a higher cell density. With a maximum density of 1.1-107
cells/mL in 2 nL drops, 0.2 nL drops reached a max density 3 times higher with 3-107 cells/mL (Fig. 4, Table 4).
A similar correlation has previously been observed, where survival time of encapsulated human cells showed
an inverse correlation with the cell density?’. Worth noting, by simply increasing the starting concentration
in standard cultivation techniques we did not observe a higher final cell density (Fig. 4). Thus, cultivation in
droplets seem to benefit the trypanosome parasite, not because of a higher starting cell density but possibly due
to the small confined volumes.

By cultivating single T.b. brucei cells in drops, we show that droplets of the same size do not promote identi-
cal growth (Fig. 4). Where in standard cell-based research, we assume that average activities from a population
represent the typical cell, we here reveal various cellular growth patterns within a population. Worth emphasizing
is the existence of various growth patterns in standard culture condition as well as in droplet cultures. However,
in standard conditions fast growing cells are likely to quickly dominate a population and hide the slower growth
rates that we here reveal in drops. While some cells reach doubling times as seen in bulk, most cells exhibit slower
or none growth ranging from around 6-24 h after droplet encapsulation. Those cells would be out-competed
in a bulk experiment showing how a small fraction of fast dividing cells might quickly become dominant in the
bulk culture and a possible reason of adaptation in the population. Heterogeneity in monoclonal populations
is a well known phenomena derived from events as stochastic switching or noise present in both prokaryotic
and eukaryotic cells*® . In the protozoan parasites Leishmania and Trypanosoma cruzi, belonging to the same
taxonomic family as T.b. brucei, cell to cell variation has been shown by stochastic DNA amplification and clonal
variation in stress-related responses*"*?, Variabilities within T.b. brucei populations have already been shown to
occur during adaptation from the insect vector to the mammal host and back again®'*!!. These transitions, caus-
ing a number of physiological and metabolic changes, indicate a heterogeneous behaviour inside the populations.
Single-cell analytical methods like microfluidics are therefor highly desirable to further study these heterogeneous
behaviors and to discover new variabilities or behaviors. Although other studies have already coupled micro-
fluidic approaches to study trypanosomes on a single-cell level'®-2, no successful attempts have been reported
on isolating a single trypanosome in enclosed compartments. In this work, droplet-based microfluidics show
promising for single-cell compartmentalisation and cultivation of the trypanosome parasite. By moving from
a two-dimensional collection chamber to a three-dimensional collection vial, we maintained the same survival
and growth patterns in an environment allowing continual usage of the collected drops by reinjection (Fig. 5).

A next step to investigate population variability is a further analysis of the highest dividing variants. Coupling
our droplet-cultivation approach with additional sorting modules will allow us to select droplets containing the
most dividing cell variants. Such systems have previously been shown to successfully screen and select drops
based on content densities**~*. Other well described approaches are using fluorescence-based sorting for high-
throughput analysis of cellular activities on a single cell level?**¢-%8, Using fluorescence-based assays is another
promising tool to study population variability by analysing enzymatic activities between individual cells. Finally,
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obtaining genetic information of variants with prominent division rate or enzymatic activity in populations of
trypanosomes is of great interest. Droplet-based sequencing allow the acquisition of genetic profiling of indi-
vidual cells*-! and can possibly lead to the identification of new drug targets against the disease.

Conclusion

We have here established a system for encapsulation and growth of T.b. brucei in microcompartment droplets at
the single-cell level. We have shown that trypanosomes survive from several hours to days being sufficient time
for several cycles of cell division. We see that differences in droplet size influence the survival and division: quali-
tatively, cells survive longest in the largest drops (2 nL) reaching higher total cell numbers per drop, but simul-
taneously the highest cell densities (cells per volume) is reached in the smallest droplets (0.2 nL). We observed
an heterogeneous pattern of growth behavior between the individual cells within a population, indicating that
some cell variants divide more efficiently while others divide slower than the average. Cultivating trypanosomes
in droplets also resulted in 10-fold higher cell densities among the fastest dividing variants compared to stand-
ard cultivation techniques. This improvement is achieved in drops without the need of additional maintenance
methods and is potentially interesting to optimize cultivation techniques of the parasite. Finally, these effects
quantitatively characterized in two-dimensional microfluidic systems is shown robust. The same improvement
in cell densities is obtained for incubation of the cells in a three-dimensional macroscopic emulsion.

Our results demonstrate the interest to cultivate single cell trypanosomes in microcompartment droplets,
and represent a future opportunity to develop a droplet-based microfluidic platform to investigate behaviors and
activities on a single cell level. Further adaptation of our system can lead to numerous applications as droplet
sorting and screening to advance the exploration of new drug candidates against the trypanosome parasite.

Methods

Cell preparation. Cells are cultivated using standard cultivation protocols®. In brief, monomorphic Trypa-
nosoma brucei brucei 427 90-13 bloodstream form (BF) were grown in Iscove’s Modified Dulbeccos Medium
(IMDM) (Life Technologies) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 0.2 mM 8
-mercaptoethanol, 36 mM NaHCO;, 1 mM hypoxanthine, 0.16 mM thymidine, 1 mM sodium pyruvate, 0.05
mM bathocuprone, 1.5 mM L-cysteine, 40ug - mL™' streptomycin and 40U - mL™" penicillin. T.b. brucei BF were
maintained as one-mL cultures in 24-well Nunc plates (Thermo Fischer Scientific) at 37° C with 5% CO>. Every
2 or 3 days cultures were sub-cultured with a 1.000 or 10.000 fold dilution, respectively. In prior to all encapsula-
tion steps, cells are counted in a Guava easyCyte Flow cytometer (EMD Millipore). All doubling times, d;, for
bulk and droplet cultivation are calculated as d; = (t, — 1) - (log(2)/ log(g—z)), where t; and 1, is the time of the
beginning and the end of the time span for the wanted doubling times, and q1 and ¢ are the start and the end
cell numbers for the respective time span.

Device design and fabrication. Microfluidic encapsulation devices were made of poly-(dimethylsiloxane)
(PDMS, Sylgard 184) from SU8-3000 negative photoresists (MicroChem Corp) molds produced using standard
soft lithography techniques®~. Briefly, negative photo resist SU-8 3050 or SU-8 3025 were spin-coated on silicon
wafers (Brand) and exposed to UV light through customized patterned transparent photomasks (CAD/Art Ser-
vices, Inc., SELBA S. A. for high-resolution printing (50800 dpi)) using a MJB4 mask aligner (SUSS MicroTec).
After UV exposure the molds are developed by SU-8 developer (MicroChem). A mixture of PDMS/curing agent
(10% w/w, Sylgard 184 kit) was poured on the molds, degassed in a vacuum chamber and cured at 70°C for at
least 2 h. The PDMS was peeled from the molds and inlet and outlet holes were punched with a 0.75mm-diam-
eter puncher. Prepared PDMS slabs and microscope glass slides were cleaned, dried and exposed to oxygen-
plasma treatment (Pico Low pressure plasma system, Diener electronic) in prior to bonding by pressing the
two components together. The surface of the microfluidic channels were treated using fluoro-silane (Aquapel,
PPG Industries) before use. All devices were flushed with argon before and after Aquapel treatment. Devices for
encapsulation were fabricated in three different sizes according to the desired size of drops. For drop production
with sizes of 0.2 nL, the channel depths of the devices were 30 #m and nozzle widths 50 ;«m. For sizes of 0.5 nL,
channel depths were 85 um and nozzle widths 50 pm. For drops of 2 nL, channel depths were 95 m and nozzle
widths 100 ;em. To observe drops as a 2D-array, an incubation chamber was fabricated as previously described?®.
Glass microscopy slides were used as top and bottom covers (76x25x1mm). Two holes were created in the top
glass slide by micro-sandblasting. Both slides were cleaned using soap, water and ethanol and dried at 70°C.
The desired chamber design was cut in a 60 sm thick double-sided bonding tape (1375, SDAG, Adhesif) using
a Graphtech cutting plotter (CE6000-40). The two cleaned microscope slides were attached to each other using
the bonding tape. 10-32 NanoPort assembled with NanoTight fittings (IDEX Health and Science) were glued
on the inlet holes with UV curing glue (Loctite 3529, Henkel)(Fig. S2b). The inner dimension of the incubation
chamber was appx. 1x3 cm and 60 pm in depth corresponding to a volume of 18 L. The chamber was treated
with fluoro-silane (Aquapel, PPG Industies) and dried with argon prior to use. The chamber was reused multiple
times and cleaned between each experiment by flushing fluorinated oil.

Optical setup. For drop observation and size measurements, we used a homemade laser-induced epifluo-
rescence setup, implemented on an inverted microscope (Axiovert 135, Carl Zeiss) (Fig. S4). Fluorescence was
excited by a continuous laser at 473 nm (Cobolt 06-MLD, Cobolt AB) focused directly on the drops by the obser-
vation objective (Zeiss LD Achroplan 40x/0.6 Korr Ph2). Fluorescence was filtered by a band pass filter at 525 nm
and 50 nm width (525/50 BrightLine HC) and collected by a photo multiplier tube (PMT) (H10723, Hamamatsu
Photonics K.K.) at 10kHz with a NI acquisition card (NI USB 6008), which was controlled by a homemade
LabVIEW program. Fluorescence collection was done in confocal configuration to reduce background noise.

Scientific Reports |

(2021) 11:18192 | https://doi.org/10.1038/s41598-021-97356-7 nature portfolio



www.nature.com/scientificreports/

A Blackfly S USB3 camera (FLIR Systems) was mounted on the top camera port of the microscope where the
ocular piece have been removed. The entire setup was fixed on an aluminium platform with vibration dampen-
ing feet to reduce vibration noise from the surroundings.

Cell encapsulation and incubation. Cells were grown to a density of 1.2-3x10° cells- mL ™! in prior to
each experiment. The cell suspensions were further diluted to a value corresponding to 0.175 cells/drop in each
of the wanted drop sizes. Upon drop formation, cell suspensions were emulsified using HFE-7500 fluorinated
oil BMTM Novec) stabilized by FluoSurf surfactant (emulseo) with a final concentration of 2.5% (v/v). Cell
suspension and fluorinated oil were separately loaded into 1 mL Omnifix-F syringes (B Braun) with 0.4x19
mm needle tips (Terumo) and pumped into the drop making device by low pressure neMESYS syringe pumps
(CETONI GmbH) with flow rates corresponding to the wanted drop sizes. The drop sizes were determined as
Virops = Q/f , where Q was flow rate of the cell suspension in uL/h and fwas the drop frequency calculated from
laser measurements (Fig. S4 text). For 0.2 nL drops and 0.5nL drops the flow rates of the fluorinated oil were
300 1L h~!and 850 uL- h~! and for the cell suspension 280 + 10 uL- h='and 250 + 20 uL- h~, respectively.
For 2 nL drops, the flow rate of the fluorinated oil was 750 uL- h~!and 330 + 20 uL- h~! for the cell suspension.
Syringes were connected with microfluidic devices by polyethene tubing (Adtech) in dimensions of 0.3 mm
inner diameter and 0.76 mm outer diameter. After drop making, the emulsion was collected off-chip in an incu-
bation chamber or a collection vial. After collection, the emulsion-containing collection device was incubated
at 37°C with 5% CO; until further use. All cell counting were performed by eye directly from the incubation
chamber containing the emulsified cells during a time span of 30-45 min. For all drop and cell counting upon
fixation the in incubation chamber, a microscope incubator (Okolab) was used set at 37°C.

Statistical analysis. Statistical analyses were performed between all drop sizes at each time point dur-
ing the survival assay (Fig. 3a) in order to find the significance values presented in Table 1, 2 and 3. We used a
Student’s f test (parametric, unpaired, two-tailed analysis) to determine significance between the mean survival
of the different drop sizes®**. Supplementary we calculated the effect size for each analysis, which previously
has been recommended when working with small sample sizes®*=". T tests were performed in Microsoft Excel
(Microsoft Corporation) and by GraphPad prism version 8 (GraphPad Software) supporting the findings. Effect
sizes were found using the online tool Effect Size Calculator for tests (https://www.socscistatistics.com/effect-
size/default3.aspx). Alpha level for all analyses were 0.05.

Data availability

All relevant data are available from the corresponding author upon request.

Received: 31 March 2021; Accepted: 30 July 2021
Published online: 14 September 2021

References

1. Biischer, P., Cecchi, G., Jamonneau, V. & Priotto, G. Human African trypanosomiasis. The Lancet390, 2397-2409 (2017). https://
linkinghub.elsevier.com/retrieve/pii/S0140673617315106

2. Giordani, E, Morrison, L. ., Rowan, T. G., DE Koning, H. P. & Barrett, M. P. The animal trypanosomiases and their chemotherapy:
areview. Parasitology 143, 1862-1889 (2016).

3. Ulienberg, G. A field guide for the diagnosis, treatment and prevention of African animal trypanosomosis (1998). http://www.fao.
org/3/x0413e/x0413¢00.htm.

4. Legros, D. et al. Treatment of human African trypanosomiasis—present situation and needs for research and development. Lancet
Infect. Dis.2, 437-440 (2002). https://linkinghub.elsevier.com/retrieve/pii/S1473309902003213.

5. World Health Organization. WHO interim guidelines for the treatment of gambiense human African trypanosomiasis (2019). https://
www.ncbi.nlm.nih.gov/books/NBK545514/. OCLC: 1135360434.

6. Kristjanson, P. M., Swallow, B. M., Rowlands, G. ], Kruska, R. L. & de Leeuw, P. N. Measuring the costs of African animal trypa-
nosomosis, the potential benefits of control and returns to research. Agric. Syst.59, 79-98 (1999). http://www.sciencedirect.com/
science/article/pii/S0308521X98000869.

7. Swallow, B. M. Impacts of trypanosomiasis on African agriculture (PAAT Technical and Scientific Series, FAO, 2000). https://www.
cabdirect.org/cabdirect/abstract/20003010139.

8. Rico, E. et al. Bloodstream form pre-adaptation to the tsetse fly in Trypanosoma brucei. Front. Cell Infect. Microbiol.3, (2013).
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3827541/.

9. Vassella, E., Reuner, B., Yutzy, B. & Boshart, M. Differentiation of African trypanosomes is controlled by a density sensing mecha-
nism which signals cell cycle arrest via the cAMP pathway. J. Cell Sci.110, 2661-2671 (1997). https://jcs.biologists.org/content/
110/21/2661.

10. David Barry, J. & McCulloch, R. Antigenic variation in trypanosomes: Enhanced phenotypic variation in a eukaryotic parasite.
In Advances in Parasitology, vol. 49, 1-70 (Academic Press, 2001). http://www.sciencedirect.com/science/article/pii/S0065308X0
1490373.

11. Blum, M. L. et al. A structural motif in the variant surface glycoproteins of Trypanosoma brucei. Nature362, 603-609 (1993).
http://www.nature.com/articles/362603a0.

12. Whitesides, G. M. The origins and the future of microfluidics. Nature442, 368-373 (2006). http://www.nature.com/articles/natur
e05058.

13. Baret, J.-C., Beck, Y., Billas-Massobrio, I., Moras, D. & Griffiths, A. D. Quantitative cell-based reporter gene assays using droplet-
based microfluidics. Chem. Biol. 17, 528-536 (2010).

14. Yin, H. & Marshall, D. Microfluidics for single cell analysis. Curr. Opin. Biotechnol.23, 110-119 (2012). https://linkinghub.elsev
ier.com/retrieve/pii/S0958166911007130.

15. Seah, Y. E S., Hu, H. & Merten, C. A. Microfluidic single-cell technology in immunology and antibody screening. Mol. Aspects
Med. 59, 47-61 (2018).

16. Svensson, C.-M. et al. Coding of experimental conditions in microfluidic droplet assays using colored beads and machine learning
supported image analysis. Smalll5, 1802384 (2019). https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.201802384.

Scientific Reports |

(2021) 11:18192 | https://doi.org/10.1038/s41598-021-97356-7 nature portfolio


https://linkinghub.elsevier.com/retrieve/pii/S0140673617315106
https://linkinghub.elsevier.com/retrieve/pii/S0140673617315106
http://www.fao.org/3/x0413e/x0413e00.htm
http://www.fao.org/3/x0413e/x0413e00.htm
https://linkinghub.elsevier.com/retrieve/pii/S1473309902003213
https://www.ncbi.nlm.nih.gov/books/NBK545514/
https://www.ncbi.nlm.nih.gov/books/NBK545514/
http://www.sciencedirect.com/science/article/pii/S0308521X98000869
http://www.sciencedirect.com/science/article/pii/S0308521X98000869
https://www.cabdirect.org/cabdirect/abstract/20003010139
https://www.cabdirect.org/cabdirect/abstract/20003010139
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3827541/
https://jcs.biologists.org/content/110/21/2661
https://jcs.biologists.org/content/110/21/2661
http://www.sciencedirect.com/science/article/pii/S0065308X01490373
http://www.sciencedirect.com/science/article/pii/S0065308X01490373
http://www.nature.com/articles/362603a0
http://www.nature.com/articles/nature05058
http://www.nature.com/articles/nature05058
https://linkinghub.elsevier.com/retrieve/pii/S0958166911007130
https://linkinghub.elsevier.com/retrieve/pii/S0958166911007130
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.201802384

www.nature.com/scientificreports/

17. Kulesa, A., Kehe, J., Hurtado, J. E., Tawde, P. & Blainey, P. C. Combinatorial drug discovery in nanoliter droplets. PNAS115,
6685-6690 (2018). https://www.pnas.org/content/115/26/6685.

18. Stellamanns, E. et al. Optical trapping reveals propulsion forces, power generation and motility efficiency of the unicellular parasites
Trypanosoma brucei brucei. Sci Rep4, (2014). https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4180810/.

19. Hochstetter, A. et al. Microfluidics-based single cell analysis reveals drug-dependent motility changes in trypanosomes. Lab on a
Chip15, 1961-1968 (2015). http://xlink.rsc.org/?DOI=C5LC00124B.

20. Voyton, C. M. et al. A microfluidic-based microscopy platform for continuous interrogation of trypanosoma brucei during envi-
ronmental perturbation. Biochemistry58, 875-882 (2019). https://pubs.acs.org/doi/10.1021/acs.biochem.8b01269.

21. Jonsson, H. & Svahn, H. A. Droplet microfluidics—a tool for single-cell analysis. ANGEW CHEM INT EDIT51, 12176-12192
(2012). https://orbit.dtu.dk/en/publications/droplet-microfluidicsa-tool-for-singlecell-analysis.

22. Koster, S. et al. Drop-based microfluidic devices for encapsulation of single cells. Lab Chip 8, 1110-1115 (2008).

23. Clausell-Tormos, J. et al. Droplet-based microfluidic platforms for the encapsulation and screening of mammalian cells and
multicellular organisms. Chem. Biol.15, 427-437 (2008). http://www.sciencedirect.com/science/article/pii/S1074552108001506.

24. Agresti, J. ]. et al. Ultrahigh-throughput screening in drop-based microfluidics for directed evolution. PNAS107, 4004-4009 (2010).
https://www.pnas.org/content/107/9/4004.

25. Eyer, K. et al. Single-cell deep phenotyping of IgG-secreting cells for high-resolution immune monitoring. Nat. Biotechnol.35,
977-982 (2017). http://www.nature.com/doifinder/10.1038/nbt.3964.

26. Mabhler, L. et al. Enhanced and homogeneous oxygen availability during incubation of microfluidic droplets. RSC Adv.5, 101871~
101878 (2015). https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra20118g.

27. Lalanne-Aulet, D. et al. Multiscale study of bacterial growth: experiments and model to understand the impact of gas exchange
on global growth. Phys. Rev. E92, 052706 (2015). https://link.aps.org/doi/10.1103/PhysRevE.92.052706.

28. Scheler, O. et al. Droplet-based digital antibiotic susceptibility screen reveals single-cell clonal heteroresistance in an isogenic
bacterial population. Sci. Rep.10, 3282 (2020). https://www.nature.com/articles/s41598-020-60381-z.

29. Boitard, L. et al. Monitoring single-cell bioenergetics via the coarsening of emulsion droplets. PNAS109, 7181-7186 (2012). https://
www.pnas.org/content/109/19/7181.

30. Woronoft, G. et al. Metabolic cost of rapid adaptation of single yeast cells. PNAS117, 10660-10666 (2020). https://www.pnas.org/
content/117/20/10660.

31. Black, S.J. et al. Regulation of Parasitaemia in mice infected with Trypanosoma brucei. Curr. Top. Microbiol. Immunol. 117, 93-118
(1985).

32. Magez, S., Stijlemans, B., Caljon, G., Eugster, H.-P. & De Baetselier, P. Control of experimental trypanosoma brucei infections
occurs independently of lymphotoxin-« induction. Infect. Immun.70, 1342-1351 (2002). https://www.ncbi.nlm.nih.gov/pmc/artic
les/PMC127790/.

33. Trindade, S. et al. Trypanosoma brucei Parasites occupy and functionally adapt to the adipose tissue in mice. Cell Host Microbe
19, 837-848 (2016).

34. Hirumi, H. & Hirumi, K. Continuous cultivation of Trypanosoma brucei blood stream forms in a medium containing a low
concentration of serum protein without feeder cell layers. J. Parasitol. 75, 985-989 (1989).

35. Hesse, E, Selzer, P. M., Miihlstadt, K. & Duszenko, M. A novel cultivation technique for long-term maintenance of bloodstream
form trypanosomes in vitro. Mol. Biochem. Parasitol.70, 157-166 (1995). http://www.sciencedirect.com/science/article/pii/01666
8519500027X.

36. Schuster, F. L. & Sullivan, J. J. Cultivation of clinically significant hemoflagellates. Clin. Microbiol. Rev. 15, 374-389 (2002). https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC118086/.

37. Ajoko, C. & Steverding, D. A cultivation method for growing bloodstream forms of Trypanosoma brucei to higher cell density
and for longer time. Parasitol. Res. 114, 1611-1612 (2015).

38. Elowitz, M. B., Levine, A. ], Siggia, E. D. & Swain, P. S. Stochastic gene expression in a single cell. Science 297, 1183-1186 (2002).

39. Acar, M., Mettetal, J. T. & van Oudenaarden, A. Stochastic switching as a survival strategy in fluctuating environments. Nat. Genet.
40, 471-475 (2008).

40. Spencer, S. L., Gaudet, S., Albeck, J. G., Burke, J. M. & Sorger, P. K. Non-genetic origins of cell-to-cell variability in TRAIL-induced
apoptosis. Nature459, 428-432 (2009). https://www.nature.com/articles/nature08012.

41. Ubeda, J.-M. et al. Genome-wide stochastic adaptive DNA amplification at direct and inverted DNA repeats in the parasite leish-
mania. PLoS Biol12, (2014). https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4028189/.

42. Merrin, J. Frontiers in microfluidics, a teaching resource review. Bioengineering6, 109 (2019). https://www.mdpi.com/2306-5354/6/
4/109.

43. Cao, Z. et al. Droplet sorting based on the number of encapsulated particles using a solenoid valve. Lab Chip13, 171-178 (2012).
https://pubs.rsc.org/en/content/articlelanding/2013/1c/c21c40950j.

44. Zang, E. et al. Real-time image processing for label-free enrichment of Actinobacteria cultivated in picolitre droplets. Lab Chip13,
3707-3713 (2013). https://pubs.rsc.org/en/content/articlelanding/2013/1c/c31c50572c.

45. Liu, X. et al. High-throughput screening of antibiotic-resistant bacteria in picodroplets. Lab Chip16, 1636-1643 (2016). https://
pubs.rsc.org/en/content/articlelanding/2016/1c/c61c00180g.

46. Baret, J.-C. et al. Fluorescence-activated droplet sorting (FADS): efficient microfluidic cell sorting based on enzymatic activity.
Lab Chip9, 1850-1858 (2009). https://pubs.rsc.org/en/content/articlelanding/2009/1c/b902504a.

47. Brouzes, E. et al. Droplet microfluidic technology for single-cell high-throughput screening. Proc. Natl. Acad. Sci. U.S.A. 106,
14195-14200 (2009).

48. Mazutis, L. et al. Single-cell analysis and sorting using droplet-based microfluidics. Nat. Protoc.8, 870-891 (2013). http://www.
nature.com/articles/nprot.2013.046.

49. Klein, A. M. et al. Droplet barcoding for single-cell transcriptomics applied to embryonic stem cells. Cell161, 1187-1201 (2015).
http://www.sciencedirect.com/science/article/pii/S0092867415005000.

50. Macosko, E. Z. et al. Highly parallel genome-wide expression profiling of individual cells using nanoliter droplets. Cell161, 1202
1214 (2015). http://www.sciencedirect.com/science/article/pii/S0092867415005498.

51. Zheng, G. X. Y. et al. Massively parallel digital transcriptional profiling of single cells. Nat. Commun.8, 14049 (2017). https://www.
nature.com/articles/ncomms14049.

52. Duffy, D. C., McDonald, J. C., Schueller, O. J. A. & Whitesides, G. M. Rapid prototyping of microfluidic systems in
poly(dimethylsiloxane). Anal. Chem. 70, 4974-4984. https://doi.org/10.1021/ac980656z (1998).

53. Student. The Probable error of a mean. Biometrika6, 1-25 (1908). https://www.jstor.org/stable/2331554.

54. Zabell, S. L. On student’s 1908 Article “The Probable Error of a Mean”. . Am. Stat. Assoc.103, 1-7 (2008). https://doi.org/10.1198/
016214508000000030.

55. Fritz, C. O., Morris, P. E. & Richler, J. J. Effect size estimates: current use, calculations, and interpretation. J. Exp. Psychol. Gen. 141,
2-18(2012).

56. de Winter, J. C. E. Using the student’s t-test with extremely small sample sizes. Practical Assess. Res. Eval.18,1-12 (2013).

57. Hedges, L. V. Estimation of effect size from a series of independent experiments. Psychol. Bull.92, 490-499 (1982). https://www.
scholars.northwestern.edu/en/publications/estimation-of-effect-size-from-a-series-of-independent-experiment.

Scientific Reports|  (2021) 11:18192 | https://doi.org/10.1038/s41598-021-97356-7 nature portfolio


https://www.pnas.org/content/115/26/6685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4180810/
http://xlink.rsc.org/?DOI=C5LC00124B
https://pubs.acs.org/doi/10.1021/acs.biochem.8b01269
https://orbit.dtu.dk/en/publications/droplet-microfluidicsa-tool-for-singlecell-analysis
http://www.sciencedirect.com/science/article/pii/S1074552108001506
https://www.pnas.org/content/107/9/4004
http://www.nature.com/doifinder/10.1038/nbt.3964
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra20118g
https://link.aps.org/doi/10.1103/PhysRevE.92.052706
https://www.nature.com/articles/s41598-020-60381-z
https://www.pnas.org/content/109/19/7181
https://www.pnas.org/content/109/19/7181
https://www.pnas.org/content/117/20/10660
https://www.pnas.org/content/117/20/10660
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC127790/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC127790/
http://www.sciencedirect.com/science/article/pii/016668519500027X
http://www.sciencedirect.com/science/article/pii/016668519500027X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC118086/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC118086/
https://www.nature.com/articles/nature08012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4028189/
https://www.mdpi.com/2306-5354/6/4/109
https://www.mdpi.com/2306-5354/6/4/109
https://pubs.rsc.org/en/content/articlelanding/2013/lc/c2lc40950j
https://pubs.rsc.org/en/content/articlelanding/2013/lc/c3lc50572c
https://pubs.rsc.org/en/content/articlelanding/2016/lc/c6lc00180g
https://pubs.rsc.org/en/content/articlelanding/2016/lc/c6lc00180g
https://pubs.rsc.org/en/content/articlelanding/2009/lc/b902504a
http://www.nature.com/articles/nprot.2013.046
http://www.nature.com/articles/nprot.2013.046
http://www.sciencedirect.com/science/article/pii/S0092867415005000
http://www.sciencedirect.com/science/article/pii/S0092867415005498
https://www.nature.com/articles/ncomms14049
https://www.nature.com/articles/ncomms14049
https://doi.org/10.1021/ac980656z
https://www.jstor.org/stable/2331554
https://doi.org/10.1198/016214508000000030
https://doi.org/10.1198/016214508000000030
https://www.scholars.northwestern.edu/en/publications/estimation-of-effect-size-from-a-series-of-independent-experiment
https://www.scholars.northwestern.edu/en/publications/estimation-of-effect-size-from-a-series-of-independent-experiment

www.nature.com/scientificreports/

Acknowledgements

This project has received funding from the French Government ‘Investments for the Future’ Program, University
of Bordeaux Initiative of Excellence (ANR-10-IDEX-03-02) and from the ‘Région Nouvelle Aquitaine’. S.H.O.
acknowledges the support of the Univ. Bordeaux for her PhD fellowship. Emulseo (www.emulseo.com), startup
launched with the financial support of the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (grant agreement No. 727480), kindly provided the surfactant
used in the study.

Author contributions

S.H.O. performed the experiments and analyzed the data, L.B. contributed analytical tools with the setup of the
optical system, T.B. contributed analytical tools for the microfluidic encapsulation and analysis, D.P. and M.T.
performed preliminary experiments on the viability of cells in drops. L.R and J.C.B conceived and supervised
the project with contribution of EB. and analyzed the data. S.H.O., L.R. and J.C.B wrote the manuscript with
contributions from all authors. All authors reviewed the manuscript.

Competing interests
J.-C. B. is the founder of Emulseo developing the surfactant formulation used in the manuscript. All other authors
do not have any competing interest to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-97356-7.

Correspondence and requests for materials should be addressed to L.R. or J.-C.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18192 | https://doi.org/10.1038/s41598-021-97356-7 nature portfolio


https://doi.org/10.1038/s41598-021-97356-7
https://doi.org/10.1038/s41598-021-97356-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Confining Trypanosoma brucei in emulsion droplets reveals population variabilities in division rates and improves in vitro cultivation
	Results
	Drop encapsulation of T.b. brucei. 
	Survival and growth of T.b. brucei in drops. 
	Growth variability between drops. 
	Up-scaling of drop yield. 

	Discussion
	Conclusion
	Methods
	Cell preparation. 
	Device design and fabrication. 
	Optical setup. 
	Cell encapsulation and incubation. 
	Statistical analysis. 

	References
	Acknowledgements


