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Fluorescence lifetime activated droplet sorting (FLADS) for 
label-free sorting of Synechocystis sp. PCC6803 
Maximilian Emanuel Blahaa, Sadat Hasana, Christian Dusnyb, and Detlev Belder*a

This study presents the label-free sorting of cyanobacterial cells in droplets with single-cell sensitivity based on their 
fluorescence lifetime. We separated living and dead cyanobacteria (Synechocystis sp. PCC6803) using fluorescence lifetime 
signals of the photopigment autofluorescence to indicate their photosynthetic activity. We developed a setup and a chip 
design to achieve live/dead sorting accuracies of more than 97 % at a droplet frequency of 100 Hz with a PDMS-based chip 
system and standard optics using fluorescence lifetime as the sorting criterion. The obtained sorting accuracies could be 
experimentally confirmed by cell plating and observing the droplet sorting process via a high-speed camera. The herein 
presented results demonstrate the capabilities of the developed system for studying the effects of stressors on 
cyanobacterial physiology and the subsequent deterministic sorting of different stress-response phenotypes. This 
technology eliminates the need for tedious staining of cyanobacterial cells, which makes it particularly attractive for its 
application in the field of phototrophic microbial bio(techno)logic and in the context of cell secretion studies.

Introduction
Droplet-based microfluidics is a subcategory of microfluidics 
and allows the manipulation of discrete volumes of micro- to 
femtoliters of fluids in immiscible phases.1–3 This allows the 
parallelization, compartmentalization, and miniaturization of 
experiments1,2, which is a practical and established feature in 
chemical synthesis 4,5 and high-throughput drug screening. 6,7 
When coming to potential biological and biomedical 
applications, droplet microfluidics offers the feature of single-
cell incubation, analysis 8–11, and sorting. 12,13

A crucial aspect of cell analysis and sorting is the detection 
technique used. Fluorescence is the most widely used 
technique in microfluidics and droplet microfluidics 14 and is 
valued for its simplicity and effectiveness.15 The fluorescence-
based analysis of cells in droplets usually involves including 
fluorescent dyes in the process 16,17, complicating the workflow 
and potentially altering the samples.18 
A potential label-free cell detection technique would overcome 
these limitations. In the past decades, label-free approaches as 
optical absorbance19, Raman scattering 20, mass spectrometry 
21, and image recognition 13,22,23 have been investigated. 
However, these techniques have their own set of advantages 
and disadvantages. E.g., Mass spectrometry gives structural 
information but is destructive and slow. Raman scattering gives 
structural information, is non-destructive, but the low optical 
gain limits the throughput. Therefore, novel tools that can 

provide another criterion to distinguish cells will be of great use 
to expand the scope of droplet sorting for cell differentiation in 
various applications. 
When excited at appropriate wavelengths, label-free cell 
detection can also be achieved by intrinsic fluorescence of 
proteins or other intrinsic fluorophores such as NAD(P)H 24,25 or 
chlorophylls 25,26. However, staining-free analysis of cells is 
limited to the given fluorophores, which leads to the problem 
that cells can hardly be distinguished based on the fluorescence 
intensity of these fluorophores alone. Fluorescence lifetime is a 
viable option for solving this problem since it complements 
intensity-only measurements. In comparison to bare intensity 
measurements, which depend on the concentration of the 
fluorophore, the duration of light exposure, and the excitation 
wavelength, fluorescence lifetime is affected particularly by the 
chemical structure of the molecule, temperature, solvent 
environment, and the presence of fluorescence quenchers.25

While some studies have described fluorescence lifetime-activated 
cell sorting (FLACS) 27–29, corresponding label-free studies in 
microfluidics are extremely scarce.30 

In particular, the field of label-free fluorescence lifetime 
activated cell sorting in microfluidic droplets is largely 
unexplored. This is especially true for the field of high-
throughput sorting, which is limited by the ability to determine 
fluorescence lifetimes at high rates. In our previous works 31,32 
we developed an approach for label-free fluorescence lifetime 
activated droplet sorting and showed its potential to distinguish 
model substances. In this study, we also demonstrated the 
suitability of the approach for cell sorting of yeast cells using 
two-photon excitation, but we were not yet able to reach the 
single-cell level and were limited to low sorting frequencies of 1 
- 2 Hz.31,32 
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This is now targeted in the current study to distinguish and sort 
living and dead cyanobacterial cells. We choose Synechocystis 
sp. PCC6803 as a model system due to its ubiquitous occurrence 
and importance for ecosystems and modern 
photobiotechnology.33–38 The fluorescence lifetime properties 
of cyanobacteria are also the subject of current research.26,39–42 
These aspects make cyanobacteria an optimal candidate for 
establishing the technology of label-free fluorescence lifetime 
activated cell sorting in droplets for research on phototrophic 
microorganisms and later studying their secretion and 
heterogenity.43

This study describes the development of a system capable of 
sorting live and dead cyanobacteria based on their 
autofluorescence lifetime in droplets in high-throughput. We 
start with analyzing the basic fluorescence and fluorescence 
lifetime properties of cyanobacteria using fluorescence lifetime 
imaging microscopy (FLIM). Furthermore, we describe the 
process and development of bringing the static analysis to in-
flow mode and adding a sorting feature with high accuracy. 
Integrating a high-speed camera and adopted lenses made it 
possible to achieve high sorting accuracy at high throughput.44 
The accuracy of the developed method was confirmed by 
culturing sorted life and dead cell fractions on agar-agar plates. 
In a further step, we analyzed the influence of various factors 
like toxins, environmental factors, and sub-strain-specific 
physiology on the fluorescence lifetime of the photosynthetic 
machinery, getting insight into the heterogeneity of 
physiological response to external stressors with single-cell 
resolution.

Materials and Methods
Optical Setup

The optical setup used is similar to our previous study31. A time-
resolved Confocal Microscope platform (MT200, PicoQuant, 
Germany) with an IC71 microscope (Olympus, Germany) was 
used to detect fluorescence lifetimes. A 405 nm picosecond 
pulsed diode laser (LDH-D-C-405, PicoQuant, Germany) at a 
repetition rate of 80 MHz driven by a PDL-828-S pulsed laser 
diode driver (PicoQuant, Germany) was used as a light source. 
After passing a clean-up filter, the light was fed into a single-
mode fiber. For the detection, a 10× UPlanFl objective 
(Olympus, Germany) was used. The fluorescence emission was 
collected through the same lens, passed a long-pass filter 
(510 nm for sorting and its preliminary experiments and 420 nm 
for testing the influence of stressors), a dichroic mirror 
(420 dcxr, chroma, USA), a tube lens, and a 150 μm pinhole. For 
detection, a single-photon avalanche diode (SPAD) was used 
(PDM series, Micro Photon Devices, Italy). The laser's 
synchronization signal and the SPAD output were collected by a 
time-correlated single-photon counting (TCSPC) unit (PicoHarp 
300, PicoQuant, Germany). A LabVIEW (LabVIEW 2017, National 
Instruments, USA) program processed the collected data from 
the TCSPC. The optical setup is shown in Figure 5.

Chip design, fabrication, and assembly

The PDMS (Dow Corning, MI, USA) chips were produced using 
standard soft lithography described in our previous study.31 The 
soda-lime-glass bottom (76×26×1 mm, Thermo Scientific, USA) 
of the chip was spin-coated (4000 rpm for 60 s) with a thin 
PDMS-layer (20 µm). The Top layer containing the channel 
structures and the PDMS coated bottom were bonded using 
oxygen plasma. The electrode channels were filled with an alloy 
with a melting point of 58°C (Sonderweichlot 302, 
S-Bi49ln21Pb18Sn12, Chemet GmbH, Germany) using a hot 
plate. The used chip design is displayed in Figure 4.

LabVIEW-Programming

TCSPC output is processed by our previously developed 
program EasyFlux, available as open-source software 
(https://github.com/SadatHasan/EasyFlux). The software 
allows fluorescence intensity and fluorescence lifetime analysis 
in real-time. Several features were added to make the software 
capable of cell sorting. The number of photons considered for 
every calculated average fluorescence lifetime is now recorded, 
and the computed fluorescence lifetimes are now plotted in a 
histogram. Furthermore, a feature was added which allows 
deciding if fluorescence lifetimes above or below the chosen 
threshold are initiating a TTL-pulse with the help of a date 
acquisition (DAQ) device (USB 6000, National Instrument, USA).

Electronics

The DAQ-Pulse triggers a dual-channel signal generator (Rigol 
Technologies, DG 1032 dual-channel, China), which provides 10 
volts in 10 kHz as a square wave (50% duty cycle). The signal 
generator outputs are amplified 200x using a pair of high 
voltage amplifiers (Trek-2220, Trek Inc., USA) and actuate the 
sorting channels electrode pairs of the chip.

Fluorescence Lifetime Calculation

Fluorescence lifetimes were calculated by counting single-
photon arrival time from the TCSPC. Photons were collected and 
put into a histogram with a length of 12.5 ns. All calculated 
fluorescence lifetimes are average fluorescence lifetimes  and 𝝉
are calculated as given in equation 1.  indicates the number of 𝑰𝒊

photons in every time step of the TCSPC histogram.  indicates 𝒕𝒊

the time at every timestep in the histogram.25

𝝉 =
 ∑𝒏

𝒊 𝑰𝒊𝒕𝒊

 ∑𝒏
𝒊 𝑰𝒊

1

Cell sorting experiments

NovecTM 7500 (3M, Germany) was used as a continuous phase, 
which contained 0.5 % Pico-surf (Sphere Fluidics Limited, 
Cambridge, UK) at the droplet generation area. For the spacing 
of the droplets, pure NovecTM 7500 was used. The cell 
concentration was optimized until ~ 10-30 % of the droplets 
contained a cell to ensure single-cell encapsulation.44 For the 
droplet generation, pressure-based pumps (Fluigent, FlowEZ, 
Germany) were used. The pressures were adjusted until a 
droplet frequency of 60 - 100 Hz was reached. For detection, 
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the described optical setup was used with a laser power of 
220 µW. For observing the sorting, the upper beam path was 
equipped with a 470 nm LED (470L3, Thorlabs, Germany) and a 
470/40 bandpass filter. A high-speed camera (Phantom VEO 
410L high speed, Phantom Ametek, Germany) was used with a 
20× LUCPlan-FL Objective (Olympus, Germany). 100 µl of buffer 
were pipetted inside the outlets to prevent drying out. After 
every hour, the buffer in the outlets was collected and replaced 
by fresh buffer. Droplets were demulsified using 100 µL of 
1H,1H,2H,2H-Perfluoro-1-octanol (PFO) (fluorochem, United 
Kingdom).

Cyanobacteria preparation and accuracy analysis

Synechocystis sp. PCC6803 was grown photoautotrophically in 
yBG11 medium buffered with 10 mM HEPES at pH 7.2.45 The cell 
cultures were incubated in growth chambers (Minitron LED 
Option HT) at 30°C under continuous illumination with 50 μmol 
photons m−2 s−1. If not stated differently, cells were grown in 
baffled Erlenmeyer flasks at 10% filling volume under 
continuous shaking at 150 rpm with an amplitude of 2.5 cm 
under ambient CO2 (air). The chamber humidity was kept 
constant at 75% relative saturation. To prepare dead cells, 1 ml 
of the cell suspension was harvested and centrifuged at 14000 
g for 10 min and resuspended in yBG11 medium containing 4 % 
formaldehyde, freshly prepared from solid paraformaldehyde 
(PFA) stock. The cell suspension was stored overnight to yield a 
non-viable (dead) culture of Synechocystis sp. PCC6803. The 
fixed cells were centrifuged and resuspended in fresh buffer 
three times to remove any traces of PFA. The dead fraction was 
mixed with fresh cells to give a 1:1 mix of dead and live cells. 
This mix was diluted until single-cell encapsulation in droplets 
was statistically achieved. Next to the Synechocystis sp. 
PCC6803 wild-type strain, an ndhB-deficient mutant (M55) of 
Synechocystis sp. PCC6803 was prepared and analyzed in the 
same way as the wild-type strain.46 For the experimental 
analysis of the FLADS sorting accuracy, the sorted live and dead 
fractions were appropriately diluted and plated on solidified 
yBG11 medium buffered with 10 mM HEPES at pH 7.2,45 
containing 0,75% Agar Agar. The plates were incubated at 50 
μmol photons m−2 s−1 and 30°C until all colonies developed (5-7 
days). After incubation, the colonies were counted to determine 
the sorting accuracy. Untreated cell suspensions were plated as 
control and reference. Photo-stressed Synechocystis sp. 
PCC6803 cells were obtained by exposing the cell suspension to 
increased photon flux densities of 200 μmol photons m−2 s−1

 for 
at least 12 h. Antibiotic stress was induced by culturing the cells 
yBG11 medium at a Kanamycin concentration 50 µg mL-1 (Km 
50).

FLIM, UV/VIS, and Fluorimetry

UV/VIS Spectra of the cyanobacteria were recorded using a 
UV/VIS Spectrometer V-650 (JASCO Research Ltd., Canada) and 
a cell concentration of 2 × 104 cells/µL. A Model FP-6200 
fluorimeter (JASCO Research Ltd., Canada) was used for 
fluorescence spectra with a cell concentration of 1 × 104 
cells/µL. The upper described optical setup for FLIM-Scans was 

equipped with a 100× lense (UPlanSApo, Olympus, Germany) 
with a laser power of 67 µW and a dwell time of 4.0 ms.

Results and DIscussion
This work aimed to develop a system capable of sorting  cells 
inside droplets according to native autofluorescence lifetime 
properties. Such technology is currently missing for label-free 
sorting of cells before or after single-cell secretion studies, e.g. 
in the context of whole-cell biocatalysis.   As a model organism, 
we choose Synechocystis sp. PCC6803. They play an important 
role in our ecosystems regarding their role as ubiquitous 
occurring photosynthetic active organisms.33–36 Synechocystis 
sp. PCC6803, and cyanobacteria in general, contain 
photopigments 47 as a native fluorophore whose fluorescence 
lifetime can be used to investigate their photosynthetic 
activity.48

One objective of this study was to investigate whether the 
detection and sorting of photosynthetically active and inactive 
cyanobacteria in droplets can be achieved at the single-cell level 
and high throughput using  fluorescence lifetime signatures. 
The system to be developed will then be evaluated for its 
suitability for screening mutant strains and the differential 
effects of stressors on Synechocystis sp. PCC6803 at single-cell 
resolution.
To this end, preliminary investigations had to be carried out to 
establish a suitable system's technical and scientific basis. 1) 
Fluorescence and fluorescence lifetime properties of 
Synechocystis sp. PCC6803 needed to be studied and 
characterized in a physiological steady-state state. 2) The chip 
and optical systems had to be developed and optimized to allow 
reliable detection and determination of fluorescence lifetime of 
Synechocystis sp. PCC6803 at the single cell level in high 
throughput. 3) After characterizing the spectral properties of 
the samples and the basic system configuration, the sorting 
function was realized and evaluated with respect to the 
achievable sorting accuracy and speed. 

UV/VIS, Fluorimetry and FLIM of Cyanobacteria

An important parameter in the development of a fluorescence 
method on cells with minimal photostress is the UV-VIS 
spectrum to find the optimal wavelength and minimum 
exposure intensity. In Figure 1A, the UV/VIS spectrum of living 
Synechocystis sp. PCC6803 (green) is displayed vs. Synechocystis 
sp. PCC6803 stored in buffer containing 4% PFA overnight for 
fixation referred to as dead (red). The Spectrum shows 
absorption maxima at 440 nm, 491 nm, 626 nm, and 682 nm, 
mainly based on chlorophyll- and carotenoid pigments bound in 
the photosystems of cyanobacteria. The spectra of the two 
samples do not differ in the location of the absorption maxima 
or in their intensity. In a further step, we investigated the 
autofluorescence properties of dye pigments such as 
chlorophyll a, phycocyanin and phycoerythrin bound in the 
photosystems of dead and living cyanobacteria in bulk 
suspensions. 3D Fluorescence spectra of both bulks were 
recorded after washing Synechocystis sp. PCC6803 cell 
suspensions with fresh buffer. Both 3D spectra of living (Figure 
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2A) and dead (Figure 2B) show a fluorescence maximum at an 
emission wavelength of 650 nm and excitation wavelength of 
390 nm. In comparison, the 3D Fluorescence spectra of dead 
cells (Figure 2B) show a slightly higher fluorescence intensity 
than the living cells (Figure 2A). This observation might be 
attributed to the fully functional state of the photosynthetic 
machinery in living cells. From a fluorophore standpoint, the 
energy transition during photosynthesis is a quenching 
mechanism, resulting in lower fluorescence intensity of 
photosynthetic active cells.49,50 However, these differences are  
not significant enough as a reliable sorting criterium. Based on 
our spectral characterization of live and dead Synechocystis sp. 
PCC6803, we found 405 nm as an optimal excitation wavelength 
for all further investigations. With the chosen wavelength, 
fluorescence spectra for dead and live cells were recorded and 
are shown in Figure 1B. The spectra show a 30% higher 
fluorescence intensity for the dead cells at an emission 
wavelength of 651 nm. As later investigation showed, this 
promising sorting criterion was only significant in bulk solutions 
and did not remain on single-cell level. 
In further investigation, we used fluorescence lifetime imaging 
microscopy (FLIM)-scans to investigate the functionality of the 
photosystems in the cyanobacteria samples. In Figure 3A-C, the 
recorded FLIM images of live cells (A), dead cells (C) and a 

mixture of dead and live cells (B) are displayed. Overall, the live 
cells have a much lower fluorescence lifetime, as indicated by 
their blue color, while the dead cells have a higher fluorescence 
lifetime, as indicated by their red color. Dead cells' enhanced 
fluorescence lifetime is reasoned in the missing quenching, 
which only appears when photosynthesis occurs, as already 
discussed. The living cells FLIM-Scan (Figure 3A) also shows a 
cyanobacterium that died naturally and shows the same 
characteristics as the fixated cells: an enhanced fluorescence 
lifetime and a slightly enhanced fluorescence intensity. Using 
the displayed FLIM-Scans, we extracted how often each lifetime 
occurred and plotted the data in Figure 3D. This allowed us to 
clearly quantify the fluorescence lifetime of live cells to ~0.34 ns 
and the fluorescence lifetime of the dead cells to ~0.64 ns. 
Furthermore, a clear threshold could be set at a fluorescence 
lifetime of 0.55 ns which enabled distinguishing living and dead 
cyanobacteria based on their fluorescence lifetime. This 
threshold also remained in FLIM-Scans of the mixture of living 
and dead cells. 

Sorting and screening setup

After understanding the optical properties of our samples, we 
progressed from static bulk measurements to in-flow 
measurements in droplets at a single-cell concentration. As a 

Figure 1: A) UV/VIS Spectra of live and dead cyanobacteria. B) Fluorescence spectra of 
living and dead cyanobacteria recorded at 405 nm.

Figure 2: A) 3D Fluorescence spectrum of living cyanobacteria. B)3D Fluorescence 
spectra of dead cyanobacteria.
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basis, we used our already published setup for fluorescence 
lifetime activated droplet sorting (FLADS)31 and optimized chip 
design and optical setup for single-cell sorting and high-
throughput measurements. 
We used a straightforward chip design, which is displayed in 
Figure 4. It consists of a flow-focusing droplet generator 
(Figure 4A) where the cell suspension (dispersed phase) is put 
in via pump 1, and the continuous phase is put in via pump 2. 
The dispersed phase was optimized, ending up using 0.5 % 
Picosurf® in Novec 7500, which allowed a stable and reliable 
droplet generation and kept the surfactant's concentration as 
low as possible. The resulting droplets had a diameter of 
approximately 50 µm and a volume of approximately 40 pL. 
Furthermore, a spacing area (Figure 4B) was introduced to 
adjust the droplets' distance to a level desired for later sorting. 
The spacing area is operated via pump 3 using pure Novec 7500.
For detection and actuation of the chip, we used the 
experimental setup displayed in Figure 5. A 405 nm Laser was 
used as an excitation source at a repetition rate of 80 Mhz. The 
excitation light was focused via a microscopic objective in the 
middle of the channel. The fluorescence was collected via the 
same lens and guided on a SPAD. The SPAD-Signal is collected 
via a TCSPC unit and processed using our software EasyFlux, 
which allows real-time calculations of fluorescence lifetimes.
In a first attempt, we tried if the used setup could detect the 
cells and determine the fluorescence lifetime of the cells in 
droplets inflow. The main challenge in our experiments was the 
low detection probability of the cells, as many cells in the flow 
were not in laser focus and remained undetected. The detection 

probability was optimized, reducing the channel dimensions, 
and trying different microscopic objectives. Regarding the 
channel dimensions, we found that 55 µm widths × 30 µm 
height gave us the best compromise of the microfluidic system's 
high detection probability and reliability. Higher channel 
dimensions resulted in lower detection probabilities. Lower 
channel dimensions resulted in an overall instability of the 
system. Regarding the microscopic objective, we found that 
10× lenses with a numerical aperture of n = 0.3 and a working 
distance of 10 mm gave us the best detection probability. The 
optimization led to detection probabilities of almost 100% at a 
droplet frequency of 1 Hz and, based on high-speed camera 
videos, approximately 20% to 35% at a droplet frequency of 100 
Hz. 4× lenses were not capable of detecting any cell. 20× and 
40× lenses gave us a drastically reduced detection probability at 
1 Hz and a detection probability of virtually zero at higher 
droplet frequencies between 60 and 100 Hz. Using these 
optimized parameters, we screened a 1:1 mixture of dead and 
live cyanobacteria to see if we could differentiate them based 
on their fluorescence lifetime. In Figure 6A, the intensity feed of 
the detected cells is displayed. Every peak shows a detected cell 
in a droplet. Next to it, the calculated average fluorescence 
lifetime is indicated. In Figure 6B, another intensity feed is 
shown. Two cell signals are very close to each other in the red 
encircled area, which shows that our system can detect multiple 
cells in one droplet and calculate their fluorescence lifetimes 
independently. After these successful experiments, we 
determined on-the-fly fluorescence lifetimes of our 
Synechocystis sp. PCC6803 cultures, including live cells, dead 
cells, and a mixture of both. The fluorescence lifetime 

Figure 4: For sorting and screening experiments, used chip design. Blue exaggerated are 
the electrode pairs used for actuating the droplets. A) Dropletgeneration area. B) 
Spacing area. C) Detection area with distance markers. D) sorting area with three 
channels. 

Figure 3: A) FLIM-Scan of living cyanobacteria. Contains one dead cyanobacterium. 
B) FLIM-Scan of a mixture of live and dead cyanobacteria. C) FLIM-Scan of dead 
cyanobacteria. D) Histogrammed fluorescence lifetimes from A, B, and C. The 
fluorescence lifetime at the maximum is marked.
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histograms of the cells are displayed in Figure 6C. Our results 
showed that the fluorescence lifetimes of living cells appear 

around (0.76 ± 0.12) ns, and the fluorescence lifetime of dead 
cells appears around (1.06 ± 0.15) ns in-flow. 
At 0.84 ns, a clear threshold can be drawn that allows sorting 
under the indicated conditions. Using 0.84 ns as the threshold 
for a hypothetical sorting experiment would result in an 
accuracy of 96% for properly sorted live cells and 88% for 
properly sorted dead cells. The lower fluorescence lifetimes in 
the FLIM scans could be due to the temperature differences 
caused by the measurement25, as the exposure times are very 
different (up to minutes in the FLIM scans and up to µs in the 
flow).
While Fluorescence lifetime is usually independent of the 
applied laserpower25, photosystems have a special position. So 
there are some reports in the literature that describe the 
fluorescence lifetime's dependence on exposure intensity.41 
This is reasoned in the complex connection, of photosysnthesis 
as a complex quenching mechanism51–54. Since the scans were 
carried out using a different laser power (67 µW instead of 220 
µW in-flow) differences in exposure time, we suggest that 
chosen experimental parameters are decisive for this shift. 
However, for in-flow measurement and sorting, the lifetime 
difference between living and dead cells was distinctive, 
allowing us to proceed with sorting experiments. 

Sorting experiments

The actuation of the droplets was realized via two pairs of 
electrodes that shifted the trajectory of the droplets using 

dielectrophoretic (DEP) pulses. One electrode pair was used to 
actuate dead and live cells, respectively. For cell sorting, we 
decided to use three flow channels. The upper and the lower 
channel are for dead and living cells. The middle one is for 
droplets containing either no cell or for droplets with 
insufficient signal intensity. We used a commercial desktop 
computer for the calculation of the fluorescence lifetimes. The 
calculation time for each calculated fluorescence lifetime was a 
nearly random number mostly between 5 and 100 ms. Our 
software EasyFlux was designed to actuate the DEP electrodes 
after a set and constant time that had to be higher than the 
maximum calculation time. Dependent on the calculated 
fluorescence lifetime and the pre-set sorting threshold, the 
electrode pairs for sorting were actuated. 
Since the droplets were moving fast, we detected them 5 mm 
apart from the sorting area (Figure 4D). The droplets' time 
between getting detected and arriving in the sorting area was 
measured using a high-speed camera and the distance markers 
as displayed in Figure 4C. High throughput sorting is made 
possible by the high-speed camera, which ensures 

Figure 5: Microfluidic chip as integrated in the optical setup. CU: Cleanup filter, DC: 
Dichroic mirror, FEM: Emission filter, TL: Tube lens. Pump 1-3: pressure-based pumps.

Figure 6: A and B) Intensity feeds of the fluorescence lifetime setup. The calculated 
fluorescence lifetime of every peak is indicated. B) Intensity feed showing two 
detected cells in one droplet. C) Fluorescence lifetime histogram of living, dead 
cyanobacteria and a mixture of living and dead cyanobacteria.

Page 6 of 11Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/2
2/

20
22

 7
:3

2:
58

 A
M

. 

View Article Online
DOI: 10.1039/D2LC00032F

https://doi.org/10.1039/d2lc00032f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

synchronization of triggering and detection even at high droplet 
frequencies. The increased linear droplet velocities also 

enhanced the system's overall stability, which allows sorting 
over a time of several hours at high sorting accuracy. Crucial 
input parameters are droplet frequency and the degree of 
encapsulation of individual cells, which can be described by the 
Poisson distribution.44 The combination of these input 
parameters affects the detection probability, accuracy, and 
overall throughput from a cell sorting perspective. We aimed 
for a frequency of 0.3 cells per droplet or less to ensure 
approximately single cell encapsulation. The sorting 
experiments were performed at droplet frequencies between 
60 and 100 Hz. A high-speed video of the sorting is in the 
supplemental materials. Overall, we achieved a throughput of 
2.4 to 12.8 cells per second, sorted as live or dead. A detailed 
discussion of the parameters chosen for sorting is given in the 
SI. 
The recorded data are shown in Figure 7A. In the plot, every 
black dot marks a detected cell. The fluorescence lifetime is 
given on the abscissa, and the photons considered for 
calculating the fluorescence lifetime are marked on the 
ordinate. The fluorescence lifetime histogram is shown on the 
upper part of the diagram, and the intensity histogram is shown 

on the right side of the histogram. The red line indicates the 
sorting lifetime threshold of the sorting experiments. Also, the 
number of calculated lifetimes below or above the threshold is 
marked in the diagram. It is apparent that two clouds of data 
points can be clearly distinguished. The dots in the area with 
lower lifetimes left from the threshold represent the cells that 
are considered alive. The dots in the area with higher lifetimes 
right from the threshold represent the cells considered dead. It 
is noticeable that the number of photons considered seems to 
be slightly increased on average in the dead cells due to their 
increased fluorescence yield. We decided to plate the sorted 
fractions on yBG11 agar plates to verify that the cells were 
spectroscopically assigned and sorted as alive actually were. 
The Agar-plates were incubated until cell colonies were visible. 
For the displayed sorting experiment, the agar-agar plate in 
Figure 7B indicates the culture of the sorted living cells, which 
shows 353 colonies. The agar-agar plate in Figure 7C shows only 
13 colonies. Using the calculation described in the Materials and 
methods gives sorting accuracy between 86 % and 97 %. 
We performed a series of independent sorting experiments, of 
which the histograms and photographs of the agar-agar plates 
are shown in the supplementary information. The number of 
sorted cells considered live and dead, the sorting threshold, the 
volume of the cell suspension, its plated fraction, the 
percentage of grown cells, and the resulting accuracy are 
displayed in Table 1 (SI). In our sorting experiments, we 
achieved accuracies of up to 97%. One possible error source is 
the level of single-cell encapsulation. If a droplet contains more 
than one cell, the droplet is sorted based on the fluorescence 
lifetime of one cell, while the other cells are undefined and 
might be sorted wrong. Another error source is the overlap in 
the histograms of the fluorescence lifetimes of living and dead 
cells, as visible in Figure 6C. When calculating fluorescence 
lifetimes with low photon counts, the calculated fluorescence 
lifetime tends to have a higher deviation in FL, which could also 
cause the false sorting of detected cells. Another error source is 
the laser's potential phototoxicity that might kill some living 
cells during excitation.

Influence of stressors on cyanobacteria lifetime

To demonstrate the feasibility of our developed approach, we 
investigated the sorting system's applicability for studying the 
physiological stress responses of Synechocystis sp. PCC6803. In 
nature, many strains of cyanobacteria exist. With our system, 
we attempted to screen the fluorescence lifetime of 
Synechocystis sp. PCC6803 wild-type and the respective NDH-1-
deficient M55 mutant strain. The mutant strains deficiency in 
NDH-1 causes increased sensitivity of the cells photosystem 1 
(PSI) to environmental stress, resulting in altered 
photosynthesis physiology compared to the wild-type strain. 
Furthermore, we investigated the effect of the antibiotic 
kanamycin (Km) and increased light and CO2 exposure on the 
cells. All influence factors were screened in comparison to 
untreated Synechocystis sp. PCC6803 wild-type samples. The 
plots of the influencing factors tested are shown in Figure 8. In 
comparison to sorting experiments, the inclusion of a highspeed 
camera was not necessary. Since no light from a secondary light 

A

Figure 7: A) Marginal histogram of every recorded cell during the sorting 
experiments. The Fluorescence Lifetime and the number of photons considered for 
the calculation of the fluorescence lifetimes are indicated. On the upper edge, a 
histogram shows how often every fluorescence lifetime appeared. On the left edge, 
a histogram indicates how often every photon count appeared. The red line 
indicates the threshold for sorting at 0.81 ns. Also, the number of cells sorted on 
each side of the threshold is indicated. B) Agar-agar plate with cultured cells with 
fluorescence lifetime below the threshold. C) Agar-agar plate with cultured cells 
with fluorescence lifetime above the threshold.
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source (see Figure 5) had to be filtered out, we used a 420 nm 
long-pass filter instead of a 510 nm long-pass filter allowing us 

to collect a higher fraction of the fluorescence of the cells, but 
also more noise. Regarding fluorescence lifetimes of 
Synechocystis sp. PCC6803 wild-type cyanobacteria, this 
resulted in an overall higher fluorescence lifetime of 0.85 ± 0.09 
instead of 0.76 ± 0.12. The M55 mutant exhibits a fluorescence 
lifetime of (0.74 ± 0.07) ns, 100 fs lower than the wild-type with 
a fluorescence lifetime of (0.85 ± 0.09) ns, which could be 
reasoned in the changed photosynthesis functioning. In 
comparison to Synechocystis sp. PCC6803 wild-type, the M55 
mutant carries a defective NAD(P)H-dehydrogenase.55 Wild-
type and M55-mutant show considerable overlap in their 
fluorescence lifetime distribution, as discussed in the SI. This 
overlap would complicate the fluorescence lifetime-based 
sorting of both strains. Besides that, the result indicates that the 
developed system can screen for heterogeneity and alterations 
of the photosynthesis machinery in mutant strains of 
cyanobacteria.
Another important stress factor for cyanobacteria is enhanced 
light exposure. However, by increasing the CO2 supply to the 
cell, the effect of light stress can be reduced due to the 
increased availability of carbon as a sink for electrons from 
photosynthesis. The sample of Synechocystis sp. PCC6803 

treated with these conditions showed that the distribution of 
fluorescence lifetimes was broadened compared to normally 
cultured wild-type Synechocystis sp. PCC6803, while the peak 
position in the histogram stayed at the same place of 0.825 ns. 
These results indicate a differential response within the culture 
to light stress conditions. However, they can barely be used for 
sorting. The light-stressed Synechocystis sp. PCC6803 sample 
showed a significantly higher abundance of cells with enhanced 
fluorescence lifetimes above 1.0 ns, which is a potential 
indicator for cell stress. This indicates that with the help of the 
established system, we can investigate and quantify the 
influence of light and CO2 levels, which can be used to optimize 
biotechnological applications and analyze potential 
environmental stressors without using external dyes stains.
Toxins can also affect the fluorescence lifetime of 
cyanobacteria, as we already showed by fixating them with PFA. 
Next to PFA, the response of photosynthesis performance and 
cellular viability to extracellular toxins is of broad interest. We 
chose Km90 conditions (kanamycin at a final concentration of 
90 µg mL-1) as a proxy for the effect of other toxins on the 
physiology of Synechocystis sp. PCC6803. The influence of Km90 
on a bulk solution of wild-type c Synechocystis sp. PCC6803 is 
displayed in Figure 8. The histogram shows a maximum at 
1.475 ns. However, a significant number of cells appear in a 
fluorescence lifetime below 1.0 ns, which is a potential indicator 
for their fluorescence activity, indicating that they might have 
survived being treated with Km90. These results prove that our 
system is useful for investigating the differential stress response 
of cyanobacteria to toxins with single-cell resolution.

Conclusions
In this proof of concept study, the autofluorescence lifetimes of 
the photosynthetic machinery in Synechocystis sp. PCC6803 was 
harnessed to sort single cyanobacterial cells in droplets based 
on their physiological status. For this purpose, the fluorescence 
and fluorescence lifetime properties of Synechocystis sp. 
PCC6803 were studied. Furthermore, the FLADS platform 
established in our previous studies was optimized for detecting 
and sorting cells. Combining the fluorescence lifetime 
technique with droplet microfluidics allowed us to establish a 
non-lethal technique for label-free in-flow single-cell analysis 
and sorting. With the sorting of living and dead Synechocystis 
sp. PCC6803, we proved the usability of fluorescence lifetime-
based droplet sorting. Furthermore, we showed its usability in 
studying the behaviour of Synechocystis sp. PCC6803 regarding 
different genetic backgrounds, environmental factors, and 
toxins aiming directly at the functionality of their 
photosynthetic machinery. Going forward, we established 
FLADS as a powerful tool for studying phototrophic microbes at 
a single-cell level while enabling the recovery of specific 
photosynthesis phenotypes for further systematic experiments 
such as examining their heterogeneity and secretion. 
Fluorescence lifetime offers an additional stainless sorting 
criterion complementing absorption or fluorescence alone.  
Incorporating fluorescence lifetime has the potential to connect 

Figure 8: Influence of different conditions and stressors on the fluorescence Lifetime 
of cyanobacteria. Green: Wildtype Cyanobacteria for comparison. Blue: M55 mutant 
of cyanobacteria. Orange: the influence of enhanced Light exposure and enhanced 
CO2 levels. Red: the influence of Km 90 toxin on wild-type cyanobacteria.
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studying the secretion in dependency of the functionality of the 
photosynthesis apparatus. 
Reducing channel dimensions or incorporating particle focusing 
techniques 56,57 as ultrasonic waves58,59 could improve the 
comparatively low cell detection probability of 30%.
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