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Micro°uidic systems have been widely utilized in high-throughput biology analysis, but the
di±culties in liquid manipulation and cell cultivation limit its application. This work has de-
veloped a new digital micro°uidic (DMF) system for on-demand droplet control. By adopting an
extending-depth-of-¯eld (EDoF) phase modulator to the optical system, the entire depth of the
micro°uidic channel can be covered in one image without any refocusing process, ensuring that
95% of the particles in the droplet are captured within three shots together with shaking pro-
cesses. With this system, suspension droplets are generated and droplets containing only one
yeast cell can be recognized, then each single cell is cultured in the array of the chip. By observing
their growth in cell numbers and the green °uorescence protein (GFP) production via °uores-
cence imaging, the single cell with the highest production can be identi¯ed. The results have
proved the heterogeneity of yeast cells, and showed that the combined system can be applied for
rapid single-cell sorting, cultivation, and analysis.

Keywords: Single-cell analysis; digital micro°uidic (DMF); extending-depth-of-¯eld system.

1. Introduction

When performing single-cell analysis like genotyp-
ing,1 antibiotic tolerance and persistence studies,2

nucleic acid ampli¯cation,3 and drug evaluations,4

to get rid of the complicated background in the
normal cultivation environments, single cell should
be isolated for further cultivation and mutation
analysis by micromanipulation,5 laser capture mi-
crodissection,6 laser tweezers7 or multi-focus Raman
tweezers,8 and °ow cytometry.9 However, such
techniques always su®er from labor-intensive, inef-
¯cient work°ows and high loss, where micro°uidic
and digital micro°uidic systems can play a better
role.1 Micro°uidic systems have been widely used in
high-throughput chemistry and biology, where the
droplets are manipulated for classi¯cation or ana-
lyzed for particle counting with a high speed.10,11

Combined with some local structures such as a situ
impedance array,12–14 the systems can also be ap-
plied on more complicated projects to observe the
replicative aging process of yeast cells and to in-
vestigate the key elements which in°uenced the
aging process.15,16 However, the variety in the size
and morphology of yeast cells during their aging
process might cause the failure in trapping
and cultivating them in the array during long-term
imaging.11 One solution is to adopt water-in-
oil emulsion droplets17 in order to encapsulate
the particles inside individual droplets without

additional structures, but droplets are manipulated
by gravity or pressure, which means that it is hard
for individual droplets to move freely as needed for
some complicated sorting or mixing process.

A digital micro°uidic (DMF) system is proposed
to realize on-demand droplet control. The discrete
droplets are manipulated by electrostatic forces
controlled by the electrodes array on a chip, moving
from hydrophobic to hydrophilic spots that vary
with the voltage signals. With a DMF system,
multiple droplets containing di®erent particles can
be manipulated simultaneously, independently, and
precisely,18 such as droplet splitting, mixing of dif-
ferent reagents, or the adjustment of di®erent con-
centrations, which ¯ts more requirements in single-
cell cultivation and analysis. In some previous
works, the DMF chips were combined with micro-
channels19–21 to further limit the shapes and volume
of droplets, while the design and process costs were
much higher. Furthermore, conventional imaging
systems combined with DMF generally ignore the
depth of the channels, which can cause a statistical
loss of cell number or °uorescence brightness. Sev-
eral axial images were usually taken to form a ste-
reoscopic global image to solve this problem,22 while
the optical refocusing wasted a lot of time. Several
works were conducted to optically extend the depth
of ¯eld (EDoF), such as fast electrical refocusing,23–26

digital refocusing using light ¯eld measurements,27
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and the pupil engineering methods. Among them,
pupil engineering methods including Fresnel len-
ses,28 cubic phase mask,29 and logarithmic asphere30

manipulate the wavefront in the pupil plane so that
the z-axial point spread function (PSF) changes
more slowly, allowing the depth of ¯eld to be op-
tically extended without scanning in any spatial
dimension with merely one shot, which was more
e®ective. By employing this technology in the sys-
tems,31–33 the depth of ¯eld can cover almost the
entire depth range to achieve rapid imaging. How-
ever, the distortion and costs introduced by such
equipment should also be considered.

In this work, a novel single-cell control and
analysis system combining a DMF chip with EDoF
optical system is proposed for rapid imaging and
analysis of single cells. The budding yeast Saccha-
romyces cerevisiae is observed as this strain is
widely utilized in investigating fundamental cellular
processes due to its fast and regular division, genetic
tractability and ease of cultivation.34 The system is
proven to have control and culture capabilities fol-
lowing the °owchart in Fig. 1. The single yeast cells
were analyzed by observing their growth inside the
cultivation array on the chip. A phase modulator is
inserted as the EDoF system between the objective
lens and the camera to cover the depth of the entire
imaging region (Fig. 2(a)). Rapid analysis for the
cell counting by the images has been achieved, and

droplets containing only one single cell are guided
into the array where the cell cultivation and peri-
odical observations are conducted. According to the
statistics of the cell numbers and the total °uores-
cence brightness of cells representing the cell pro-
duction, the growth of di®erent colonies can be
observed and evaluated. The monoclonal colony
with the highest production can be selected and
extracted from the chip for further research. This
work has demonstrated the single-cell sorting, cul-
turing, and analysis capabilities of the system,
which is expected to become an important tool in
the ¯eld of single-cell research in the future.

2. Materials and Methods

2.1. Cultivation of yeast

The S. cerevisiae yeast strain w303-1a-GFP stably
expressing green °uorescence protein (GFP) was
used in all experiments. The yeast has been gene-
edited on the plasmid YIplac211, where an EGFP is
added, so that GFP is produced stably in the cy-
toplasm of the yeast cells. As a result of the ex-
pression of the plasmid, the GFP accumulates inside
the cells. By observing the °uorescence brightness of
the cells, the production of the GFP can be ¯gured
out, which corresponded to the growing situation of
the yeast cell and the expression of the plasmid

Fig. 1. The °owchart of the experiments, including the processes of single-cell sorting, cell cultivation, and the extraction of the
colony with the highest production.
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gene. By ¯guring out the colony with the highest
production of GFP, the system can be used for yeast
cells sorting and observation with heterogeneities
during their growth, which is important in single-
cell analysis.

In the ¯rst pre-cultivation, the yeast grew in
6mL yeast peptone dextrose (YPD) containing
0.3 g YPD Broth (A507022, Sangon Biotech,

Shanghai, China) and 6mL double-distilled water,
which was kept at 30�C and agitated at a speed of
220 RPM for 12 h to activate the yeast cells. Before
the formal experiment, 2�L suspension was diluted
by 1mL solution of SC (Synthetic complete medi-
um, liquid), which was composed of 0.67% YNB
(Yeast Nitrogen Base) without amino acids, and 2%
glucose, additionally, 20mg/L Arg, 100mg/L Asp,

Fig. 2. The simple description of the DMF system. (a) The microscope equipped with the portable DMF system, a 2D translation
stage, and the EDoF phase modulator. (b) The portable DMF system including the host and the chip, is mounted on the 2D
translation platform. (c) The chip for manipulating the droplets. (d) The scheme of the chip with di®erent function arrays. (e) The
droplets can be controlled by the electrodes integrated on the chip, with the direction of movement indicated by the arrows, and
recorded by microscope imaging. (f) The droplet containing a single yeast cell (see the inset) is observed. (g) The single yeast cell is
cultured in the array for 36 h and this array is observed continuously. Each box represents a yeast cell at 36 h in the bright-¯eld
image. (h) The °uorescence image is obtained at 36 h to estimate the production of GFP. Scale bar: 200�m.
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100 mg/L Glu, 20mg/L His, 300mg/L Ile, 60mg/L
Leu, 30mg/L Lys, 20mg/L Met, 50mg/L Phe,
375mg/L Ser, 200mg/L Thr, 40mg/L Trp, 30mg/
L Tyr, 150mg/L Val, and 20mg/L Ura were added.
Then 20�L of the new suspension was added into
another 1 mL SC solution so that the ¯nal suspen-
sion was thin enough to ensure that no more than
one yeast cell was in a single droplet (�0.1�L sus-
pension). The dilution process mixed around
0.04�L original suspension to 1mL solution of SC,
making the cells in the droplet ¯t a Poisson Distri-
bution with an expectation much lower than 1,
which was close to Bernoulli Distribution. The ¯nal
suspension was injected into the DMF chip for the
following operations.

2.2. The DMF chip

The DMF system named iDrop including the holder
and the chip is shown in Fig. 2(b) and the details of
the chip are shown in Figs. 2(c) and 2(d). The chip
consists of three layers: the digital micro°uidic
electrodes, the hydrophobic layer, and the channel
layer. The probes on the holder send DC square-
wave voltage signals with a high level of up to 95 V
to the electrodes on the chip through the interfaces
at the borders. The square-wave signal controls the
voltage changes on the related electrodes to change
the hydrophilicity of the hydrophobic layer. The
motions of the droplets can be manipulated by
changing the square-wave voltages between adjacent
electrodes, while the changing of the voltages is con-
trolled by the hexadecimal-number commands in the
background software. The electrodes are divided into
multiple working spaces, including two liquid inlets,
two droplet generators, the droplet mixing and sort-
ing lists, the cultivation arrays and three liquid
intakes. During the single-cell selection, only the spot
at the bottom right of the sorting list needs to be
observed (Fig. 2(d)). As the size of each electrode on
the channel is 1mm� 1mm, and the height of the
channel layer is 100�m, each pulled-out droplet
should have a volume of around 0.1�L. When the
yeast liquid is diluted enough, there may be no more
than one cell in a droplet. If the droplet is determined
to contain a single cell by the cell-counting program, it
is guided into the culture array for further observa-
tion; otherwise it is abandoned into the liquid intake
(Fig. 2(e)). The observation and the cell-counting are
conducted as shown in Fig. 2(f), which is further
discussed in the design of the program.

After the single-cell selection, the droplets con-
taining cells in the cultivation array are shuttled
between two adjacent electrodes with a steady fre-
quency, to keep the activity of the yeast cells and
avoid the cells aggregating or sticking to the base
during the exponential phase of growth. The dro-
plets are shaken for 5 min every hour at a frequency
of 2.5Hz at 30�C.

When observing the cells, each electrode in the
cultivation array that holds the droplets needs to be
focused by using the 2D translation stage (shown in
Fig. 2(a)). For each droplet, both the bright-¯eld
image and the °uorescence image are taken as pre-
sented in Figs. 2(g) and 2(h). There are 510 elec-
trodes in the array, and since the shaking action
requires three adjacent electrodes, the array can
hold up to 170 droplets. To avoid the situation
where two adjacent droplets merge by accident, a
maximum of 80 droplets can be used at a time for
cultivation observation (Fig. 2(d)).

After the cultivation for 48 h, all the colonies are
analyzed and the droplet containing the colony with
the highest production is guided into the cell
extracting region in Fig. 2(d); otherwise, the dro-
plets are guided to the cell abandoning region at the
far left area of the chip.

2.3. The optical system

An Olympus IX83 microscope (Olympus Optical
Ltd, Japan) equipped with a 10�Olympus object
lens (NA ¼ 0:3) and an EDoF phase modulator is
used to observe the droplets (Fig. S1(a)). The
Hamamatsu C11440-42U30 camera (Hamamatsu,
Japan) has e®ective pixels of 2048� 2048, and each
pixel size is 6.5�m� 6.5�m, so each image is
13.312mm� 13.312mm. The GFP °uorescence is
excited by a mercury lamp with a bandpass ¯lter of
457–487 nm, and collected with a 503–538 nm
bandpass ¯lter.

The channel layer of the chip has a height of
100�m. Since the condenser numerical aperture of
the mercury lamp as exciting illuminant is small
enough, and the images are taken under coherent light
with a central wavelength of 510nm, the depth of ¯eld
of the objective lens can be estimated according to

D ¼ 2 � n�

NA2
þ n � e

M �NA

� �
; ð1Þ

where n is the refractive index of the medium (n ¼ 1 in
this work), � is the illuminating wavelength, M is the
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lateral magni¯cation, and e is the resolution of the
camera, which is 6.5�m in this case. Since � is set as
510nm, the depth of ¯eld can be calculated to be
15.67�m, much less than the requirement around
100�m. At least six shots are required to cover the
entire depth, which might cause duplicates in counting
and waste of time. Therefore, a phase modulator is
introduced into the system to extend the depth of ¯eld
(EDoF). The EDoF system is inserted between the
object lens and the camera (Fig. S1(a)), which is at the
common focus of the objective lens and the tube lens.

zð�Þ ¼ 2:1475 � 10�4 � �2 � 7:3104 � 10�6 � �4

0 � � � 5:4mm;
zð�Þ ¼ 4:6036 � 10�5mm 5:4mm � � � 6:4mm:

ð2Þ
The EDoF system contains a circularly-symmetric

phase mask33 de¯ned as follows:

�ð�Þ ¼ 2�

�
f�

� �ð12 �2
max þ f 2Þ 5

2ð�2 þ f 2Þ�1
2 � 1

4 ð�2 þ f 2Þ2
ð�2

max þ f 2Þ 5
2 � ð12 �2

max þ f 2Þ 5
2

þ C ;

ð3Þ
where � represents the phase added to the space
light modulator (SLM) in the EDoF system, � is the
desired depth of ¯eld which is set as 130�m in the
experiment, f1 means the focal length of the objec-
tive lens, f means the focal length of the objective,
which is the tube lens or camera. � means the ra-
dius, which is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
on the plane with the same

z-axis, while �max means the largest � on the z-axis.
C is a bu®er in constant. With the additional phase,
the PSF of the system is absolutely kept in an in-
variant state over a range of the z-axial plane, so
that the system achieves a substantial increase in
depth of ¯eld.

2.4. Image processing system and data
analysis program

To keep proper contrast, images captured by the
EDoF system are subjected a simple 2D deconvo-
lution (Lucy–Richardson) with one PSF of the
system, which guarantees the accuracy of subse-
quent image processing. Lucy–Richardson Decon-
volution is selected as this algorithm ¯tted the
Poisson Distribution rules that could describe
almost all imaging systems and approximated the

result iteratively, which is adopted widely. Then,
the images are sent to the image processing system
whose °owchart is shown in Fig. S1(b), for yeast
counting. The program is based on python 3.7.9 and
OpenCV 4.4.0. Both the cell number in the bright-
¯led images and the °uorescence brightness within
the cell contours in the °uorescence images can be
calculated by the program. It should be noted that
during the single-cell sorting and the ¯rst 24 h of
incubation, the °uorescence images were not recor-
ded, as the °uorescence excitation may interfere
with the cell growth. Fluorescence images were
recorded when growth reached a stable phase, with
a time interval of 6 to 12 h.

Most of the processing program is integrated in
the same python program, which is commonly used
throughout the project. However, when performing
the °uorescence calculation, the °uorescence back-
ground of the droplet should be adaptively removed
in advance before mapping the masks of the yeast
cells given by the bright-¯eld image to the corre-
sponding °uorescence image, which is taken from
the same droplet at the same time. This process is
conducted in parallel with the main program uti-
lizing the Subtract Background function in ImageJ
(National Institutes of Health, Maryland) when the
°uorescence images are taken.

3. Experiment and Results

3.1. The imaging ability of the optical
system

The optical system in this work combines the DMF
system and the EDoF system together. To estimate
the imaging ability of the system, several °uores-
cence images of the suspension droplets containing
several yeast cells from the same batch are observed
on the chip. During the observation, the sizes of the
droplets gather within a stable range, as presented
in Fig. 3(a). According to the parameters of the
camera, the 2D image covers an area of
1:3312� 1:3312mm2, which typically covers around
85.4% of the droplet area.

While in the z-axial imaging (Fig. 3(b)), the
EDoF system can theoretically cover droplets with
a depth over 110�m as the nominal limit of the
defocus distance � is set as 130�m (�75�m on both
sides). In the simulation according to the optical
system, the through-focal spot diagram in Fig. 3(c)
and the z-axial PSF shown in Fig. 3(d) are achieved.
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According to the comparison in the focal spots,
though the spots of the posted system throughput
in an area of 200� 200�m2, which is larger than the
1� 1�m2 of the conventional system, the spot
remains stable in the depth range of �50�m as that
of the conventional system decays dramatically
within �10�m. The PSF values of the conventional
system decays rapidly by 10 times in a range of
20�m (−10�m to 10�m), which is unacceptable.
Whereas for a range of over 100�m (−50�m to
50�m) in the posted system, the normalized peak of
the PSF remained above 0.276, which is the exact
value at the DoF of the conventional system. As the
depth of ¯eld of a conventional system (whose PSF
is shown as the green line in Fig. 3(d)) is �7.833�m,
such attenuation occurs within a range from −60�m
to 50�m in the EDoF system, proving that the
system can theoretically cover 110�m in depth.

As the 2D image covers around 85.4% of the
droplet in the x–y plane, the original ¯gure covers
only around 13.3% (85:4%� 0:1567) of the whole

droplet, while theoretically, the system with the
EDoF system covers 85.4% of the droplet. To en-
sure that the particles in the droplet are completely
covered, the droplet is then shaken in the list and
observed three times, so that the probability of
missing one particle is decreased to 0.31%, which
could be ignored. When conducting statistics on the
brightness of the °uorescence images, however, just
one image is taken, and only the e®ective area of
that image is considered, since it could represent the
trend of the growth.

Figures 3(e) and 3(f) exhibit an example to show
di®erent cell count results of the same droplet
obtained by two di®erent systems. The switching
between the two systems only needs to change
phase modules rapidly, and this switching time is
negligible as the yeast cells kept suspending in the
droplet for around 30 s to 1 min. For the same
droplet, the image captured by the conventional
system (Fig. 3(e)) contained 49 spots, while 60 spots
were captured by the EDoF system where more

Fig. 3. The test of the optical system in simulation and reality. (a) The image captured by the camera and the region it covers in
the droplet. (b) The z-axial occupation of the image captured by the conventional system (green box) and the EDoF system (red
box). (c) The comparison of the focal point maps of the EDoF and the conventional system. (d) The normalized axial PSF peaks of
the EDoF and the conventional system. (e) and (f) showed di®erent cell counts of the same droplet obtained by di®erent systems.
The conventional system without EDoF captured 49 cell counts (e), while the EDoF system ¯gured out 60 cell counts (f). Scale bar:
200�m.
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signals were detected and marked by the green
boxes (Fig. 3(f)). But one signal in the red box
shown in Fig. 3(e) was missed by the EDoF which
might be caused by the blurriness. Generally, the
depth of ¯eld has been greatly extended to better ¯t
the chip.

3.2. Image processing algorithm
conducting

In the program, before the processing of the sus-
pension droplets, a pure water droplet is generated
from another liquid inlet and guided to the obser-
vation point. A ¯gure is taken for the droplet as the
background for reference, and the subtracted ima-
ges of the suspension droplets and this background
image are further processed. The rest of the droplet
boundaries, and the contours of the yeasts are rec-
ognized in these subtracted ¯gures using an adap-
tive threshold algorithm, which extracts edge
information by calculating local thresholds accord-
ing to the brightness distribution of di®erent areas
in the images (Figs. 4(a) and 4(d)), to ¯t the
brightness change of the screen plane. The contour
containing the largest area represents the droplet
boundary, whose connected region and the regions
outside that domain should be discarded as shown

in Figs. 4(b) and 4(e). If the contour is connected to
the border of the image, the edges between two
breakpoints are set as 1 to ensure the full connection
of the contour. Then the contours in the preserved
area are divided, recognized, and counted, and the
results are presented with small boxes in Figs. 4(c)
and 4(f).

To ensure that the particles extracted are exactly
yeast cells, several restrictions have been added to
the program. First, the area of the particles should
be larger than 25�m2, which is the smallest yeast
size observed by this work, and is also consistent
with the previous report for S. cerevisiae.35 In the
images obtained by the EDoF system, 25�m2 cor-
responds to 60 pixels. Meanwhile, the circularity of
the particles, meaning 4a�

p2 , where p means the pe-
rimeter and a is the area, is also taken into consid-
eration. The circularity of single cells should tend to
be 1, however as the cells may stick to each other,
which causes the rapid decaying in circularity. As
the particles in the images are not large enough this
time, they are always identi¯ed as irregular spots as
shown in Fig. 4(e), whose circularities are not as
stable as the ellipses. So, a rough threshold of 0.1 is
de¯ned, aiming to di®erentiate yeast cells from
thin lines at the edges of the electrodes in the
background.

Fig. 4. The image processing program, taking a yeast cell at 0 h (a)–(c) and its clones at 36 h (d)–(f) as an example. (a) and (d) The
images with LR deconvolution. (b) and (e) The contours of the particles (yeast cells) inside the droplet, extracted from images (a)
and (d). (c) and (f) Counting results marked with small boxes, a single cell (c) and 655�40 yeast cells (f) were, respectively,
estimated. Scale bar: 200�m.
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To estimate the cell numbers with the cell growth
and division, the extracted areas are divided by the
statistical average area of yeast cell, which is around
48.6�m2 according to our statistics in this work, as
well as previous report.35 Considering the yeast size
distribution, this can lead to an error of around
6.3%. Taking Fig. 4(f) as an example, the estima-
tion error for 655 cells is about 40.

After contours of the yeast are extracted, the
regions within the contours are set as a mask
mapping to the °uorescence image. The total pre-
served grayscale was recorded as the criterion of the
production of GFP in the corresponding colony, and
the average production of single cell is ¯gured out as
the total grayscale divided by the estimated number
of yeasts.

3.3. The growth of the yeast

Because yeast exhibits heterogeneity with growth
and division, we aimed to identify the single cell
with the fastest growth and the highest GFP pro-
duction by the application of the DMF system
combined with EDoF. As mentioned in Sec. 2.2, a
maximum of 80 droplets can be analyzed at a
time for cultivation observation. Among these 80

droplets, 32 droplets were identi¯ed as containing a
single cell, and the rest were empty droplets or dro-
plets with more than one cell. Among the 32 single
cells, 14 particles posed di±culty in growth due to
aging or electrical breakdown, as the dead cells and
other sub-visible particles also had a size around 100
pixels and a circularity over 0.4, which was di±cult to
recognize. Finally, 18 single cells grew in the culture
array and were observed for 48h, and the 18 colonies
were numbered as No. 1–18 in the following part.

Figure 5 shows the growth of No. 8 and No. 11 as
two examples at 5 time points. In general, the yeast
growth has an exponential phase from 6h to 24 h
and then reached the stationary phase, which is
shown in Fig. 6(a). Among the 18 colonies, No. 11
exhibited the fastest growth, while No. 8 was the
lowest one. The result also showed the heterogeneity
of di®erent cells in the growth obviously (Fig. 6(b)).
No. 11 colony grew from one cell to over 8000 cells
within 36h, which grew and divided the fastest.
While No. 8 colony only grew into about 650 cells,
which was more than 12 times lower than No. 11.
Most of the colonies ¯nally grew to over 4000 cells at
36h. The highest total number of cells is about
85.5% higher than the mean number, showing the
remarkable heterogeneity in division.

(a) (b)

Fig. 5. The growth of yeast. Droplets were observed at 0, 6, 18, 24, 36, and 48 h, respectively. The °uorescent images were taken at
24, 36, and 48 h. (a) No. 8 colony, which was the slowest in growth. (b) No. 11 colony, which grew faster than No. 8 had the highest
GFP production. Scale bar: 200�m.
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GFP production is evaluated in two ways for the
18 colonies. One is the average brightness of single
cell in each colony (Fig. 6(c)), for example, No. 5
was the highest and 52.3% brighter than the aver-
age value at 36 h. The other is the total brightness
of GFP for each colony (Fig. 6(d)), which is in°u-
enced by two factors, the number of cells and the
GFP brightness of single cell. Figure 6(d) shows
that the total brightness of No. 11 is much higher
than that of others. Although the single-cell GFP
brightness in No. 11 is not the highest, it has the
highest number of cells. Following the two ways, the
colony with the highest protein production or the
fastest divisions can be selected for di®erent appli-
cation requirements.

To demonstrate the potential of the DMF system
in single-cell analysis, a control experiment was also
conducted. A wild S. cerevisiae yeast strain w303-
1a was also cultured and observed by the system to
ensure that di®erent strains could be cultured and
observed in the same chip. After a growth of 36 h,
the colonies of this wild strain also reached a cell
number of over 1000 (Fig. S2(a)), while in the
°uorescence test, there were no obvious °uorescence
signal that di®er from the background, which only
left an intensity of around 290 per pixel recognized
as the auto°uorescence of the cells (Fig. S2(b)),
more than three times lower than that of the w303-
1a-GFP, which proved that the di®erences between
the strains could be analyzed in this system.

(a) (b)

(c) (d)

Fig. 6. The statistics and analysis on the colonies. (a) The growth of the yeasts in the 18 droplets by counting the number of cell
contours. (b) The number of cells in each colony at 36 h. (c) The average brightness of one cell in each colony at 36 h, coming from
total brightness divided by the number of cells. (d) The total brightness of each colony at 36 h.
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4. Discussion

Compared to the previous works,13–17,19–21 as the
system is only based on di®erent sizes of dispersed
electrodes without any situ impedance or micro-
channels in the structure, there exists more freedom
in the manipulation of the droplets. The yeast
growth is not limited by the shape of the traps and
the movements of the droplets are not jammed by
cells of large sizes. As the voltage changed on an
electrode takes around 50ms and the USB com-
munication between the host computer and the
DMF system is only 1–2ms, high throughput, high-
speed volumetric imaging can be realized.

In the referred reports,31–33 the modulator is
settled out of the microscope where the back pupil
plane of the objective lens is relayed onto the sys-
tem, to avoid interfering with the packaged micro-
scope system. However, in the present optical
system, the plate is inserted directly into the focal
plane of the objective lens. As the two points are
conjugated theoretically, there are no extra impacts
on the image. Though the phase modulator intro-
duces blurriness to the image, the cell-counting
could be pre-processed by deconvolution algorithms
to enhance the contrast and remove the side lobes of
the PSF. Take image Fig. 3(f) as an example, it has
gone through 8 iterates of deconvolution. Compared
to the original ¯gure, the contrast is apparently
improved and the contours of the particles are
clearer. So the cell-counting process is conducted
after such a process. However, the blurriness still
needs further solutions like considering more sta-
tionary points to optimize the shape of the axial
PSF. A basic L-R Deconvolution program is utilized
in the pre-processing, while rapid deconvolution
utilizing a back-projection operator and deep
learning36 might operate better and faster, which
also needs further research. A camera with a wider
view and the improved structure of the chip may
enhance the ability of the system further.

The cells are counted according to the contours
extracted by thresholds. To deal with the compli-
cated electrode background, removing the droplet
contour is necessary. This process could retain over
95% of the cells in the interested regions in most
cases, especially when they are sparse. However,
when the yeast cells gathered in the late cultivation
period, the contours are di±cult to segment and in
the worst situation, the yeast cells stick to the edges
of the droplets, where the recognition of the outlines

is also interfered. Taking the errors of the algorithm
and the interference from the cells sticking to the
edges, when the cells become dense, the accuracy
could decrease to around 85%. Additionally, several
other particles like plastic debris with sizes of 2–
10�m could be recognized as single cells by mistake.
So, more powerful approaches like convolutional
neural networks (CNNs) could be introduced into
cell counting and image segmentation.

5. Conclusion

This work used the DMF chip combined with the
EDoF optical system to realize the single-cell ma-
nipulation and cultivation. The DMF chip solves
the problem of fast droplet manipulation and the
limited yeast sizes, and the EDoF system combining
deconvolution algorithm solves the problem of lim-
ited depth of ¯eld. The system is used to capture a
single image covering almost the entire droplet, and
based on the image processing results, the cell
numbers and the °uorescent protein production are
estimated. This result has demonstrated the ability
of the system for single-cell control, cultivation, and
analysis, as a platform for droplet manipulation and
high throughput observation.
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