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1 | INTRODUCTION

Flow-cytometric cell sorting is a key technology in bio-
medical research laboratories used to separate cells based
on their biological and physical properties [1]. The con-
tamination of sorted cells with microorganisms such as
bacteria, yeasts, viruses, or fungi by the cell sorter must be
avoided to enable cell cultivation or to prevent misleading
subsequent experimental results.

Flow-cytometric cell sorters typically do not operate
within a sterile environment, making contamination with
microorganisms very likely, for example, when the sheath
fluid reservoir is opened for refilling. Thus, a chemi-
cal cleaning procedure based on sodium hypochlorite or

Abbreviations: LB, lysogeny broth; LED, light-emitting diode; P.
aeruginosa, Pseudomonas aeruginosa; PI, propidium iodide; UV,
ultraviolet .
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Aseptic cell sorting is challenging, especially when a flow-cytometric cell sorter
is not operated in a sterile environment. The sheath fluid system of a cell sorter
may be contaminated with germs such as bacteria, yeasts, viruses, or fungi. Thus,
a regular chemical cleaning procedure is required to prepare a sorter for aseptic
cell sorting by flushing the fluidic system. However, this procedure is time con-
suming, and most importantly, the researcher can never be sure that the cleaning
process was successful. Here we present a method in which the sheath fluid of
a cell sorter was decontaminated by irradiation with UV-C light using a flow-
through principle. Using this principle, we were able to achieve a 5 log reduction
of bacteria in the sheath fluid.

aseptic sorting, flow-cytometric cell sorting, UV-C LEDs

ethanol is required to prepare a cell sorter for aseptic cell
sorting [2]. Such a procedure is time consuming and, more
important, the operator can never be sure if the cleaning
process was successful [3]. Furthermore, residues of clean-
ing reagents in the fluidics can cause harms to sorted cells
due to toxicity.

In many cell sorting laboratories, antibiotics are added
to the collection medium of the sorted cells to prevent
the proliferation of bacteria entering through the sheath
fluid. This, in turn, may lead to an unwanted change in
gene expression and regulatory level of the cultured cells
and affect the subsequent results [2]. Furthermore, the
widespread use of antibiotics promotes the development
of resistant bacteria [4, 5].

The lethal effect of UV light [6] is well known for inacti-
vating microorganisms. UV light is divided into the UV-A
(380-315nm), UV-B (315-280 nm) and UV-C (280-200 nm)
spectral region.
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The antimicrobial effect of UV-C light is based on
the absorption of photons in the wavelength range of
200-280 nm by the DNA, resulting in the formation of
pyrimidine dimers, which inhibit DNA replication and
consequently block transcription into RNA [7]. UV-C light
can be generated by mercury-based lamps, pulsed xenon
lamps, or more recently by UV-C LEDs. The latter have
very small dimensions and require low current to provide
UV-C doses sufficient to reduce the quantity of bacte-
ria in water by several loglO levels [8]. These properties
make UV-C LEDs very interesting for the decontamina-
tion of sheath fluids in flow-cytometric cell sorters as
an alternative to cleaning procedures based on chemical
decontamination.

Here we present a method based on a UV-C unit for
flow-through irradiation of sheath fluid to enable asep-
tic cell sorting. In a proof-of-principle study, the UV-C
unit was placed between the sheath fluid tank and the
nozzle in a BD Influx™ cell sorter (see supplementary
data for detailed description). The decontamination effi-
ciency of the unit was tested on bacteria obtained from the
laboratory’s room air.

2 | METHODS & RESULTS

The UV-C unit (APE, Berlin) consists of a meandering
stainless steel fluid path with a total volume of 60 ml in
which the sheath fluid is irradiated by six UV-C LEDs
(Luminus, XST-3535-UV-A60-CE275-00) with an emission
wavelength of 275 nm. The LEDs are located at each chan-
nel turning point (Figure 1A). The total UV-C dose applied
to the sheath fluid passing through the unit is given by
the LED current, the resulting LED radiation flux, the
number of LEDs, and the residence time of the sheath
fluid inside the unit. Three different UV-C doses were
applied by varying the LED current and the number of
active LEDs while keeping the sheath fluid pressure con-
stant (Figure 1C). A coarse estimate of the expected dose
was obtained from a simplified calculation and a detailed
description of the estimation of the UV-C dose can be
found in the supplement. The calculation assumes a trans-
mission of UV radiation as in free space. However, due
to light absorption and turbulences in the fluid path, the
real UV-C dose is very likely less than the calculated
dose.

The unit is equipped with an active Peltier cooling ele-
ment (Figure 1B) to prevent heating of the sheath fluid due
to the power dissipation of the UV-C LEDs. Temperature
variations could lead to variations in the position of the
point where the sheath fluid jet breaks into droplets (break-
off point) due to changes in the viscosity and density of the
sheath fluid, which in turn can affect purity and yield of
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PRACTICAL APPLICATION

The sheath fluid of a flow-cytometric cell sorter
can potentially be contaminated with proliferating
microorganisms. Our approach uses UV-C light
emitting diodes (LEDs) to irradiate the sheath
fluid of a cell sorter in process. This procedure pre-
vents the effects of bacterial contamination on the
cell culture of the sorted cells.

the sorted cells [9]. The sheath fluid temperature set point
was 15°C during all experiments.

The efficiency of the UV-C unit to inactivate microor-
ganisms was characterized using flow cytometry, solid
culture medium (LB agar), and the cultivability of Jurkat
cells sorted in contaminated and irradiated sheath fluid.
To this end, the sheath fluid of a BD Influx™ cell sorter
was contaminated with P. aeruginosa at a concentration of
1.1 X 10° bacteria/ml.

The results of the flow-cytometric analysis using the
nucleic acid dyes Syto9 and PI are shown in Figure 2.
The resulting fluorescence patterns reflect the different
binding capacity of Syto9 and PI to the nucleic acids in
dependence of the applied UV-C dose and the time of anal-
ysis (Figure 2A directly after irradiation, Figure 2B 24 h
after irradiation). The relative size of the Syto9-positive
population decreases from 70.3% to 1.15% with increasing
UV-C dose from 0 to 42 J/cm? (Figure 2A). However, if
the samples were cultivated for 24 h after irradiation and
subsequently stained, the relative size of the Syto9-positive
population decreases from 50.9% to 0.02% in the UV-C irra-
diated sample (Figure 2B). This suggests that (a) the outer
membrane of the gram-negative P. aeruginosa is increas-
ingly damaged with increasing UV-C dose [10-12] and (b)
the damaging effects of UV-C light is not fully detectable
immediately after irradiation. This possibly indicates that
repair mechanisms are not active or not efficient enough
to enable bacterial growth after UV-C irradiation.

The flow-cytometric results were confirmed by plating
the irradiated and non-irradiated sheath fluid on LB agar.
For all doses applied, no bacterial colonies were detected
after 24 h of cultivation. Consequently, using the UV-C
LED unit in the described configuration, a 5 logl0 reduc-
tion of P. aeruginosa could be achieved for all applied doses
which meets the effectiveness of the reduction levels of the
chemical washing protocols suggested by the cytometer
manufacturer [2].

Jurkat cells were sorted in sheath fluid contaminated
with P. aeruginosa to assess the impact of UV-C irradia-
tion of sheath fluid on cell cultivability. After sorting, the
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FIGURE 1 (A) Top view scheme of the UV-C LED unit. The unit has a total volume of 60 ml and is irradiated by six UV-C LEDs. This
results in a maximum total UV-C dose of 42 J/cm? at a sheath fluid pressure of 18 psi and an LED current of 550 mA. The channel cross
section is 16 X 10 mm. (B) Picture of the unit including the Peltier cooling device. The dimension of the overall unit is 120 X 140 x 90 mm. (C)
UV-C LED parameters to generate three different UV-C doses. The residence time of the sheath fluid inside the unit was 10 min for all doses
at a sheath fluid pressure of 18 psi. The optical power per LED was taken from the data sheet
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FIGURE 2 Flow-cytometric analysis of P. aeruginosa to define the efficiency of the UV-C unit. The sheath fluid of a cell sorter was
contaminated with P. aeruginosa and irradiated with four different UV-C doses (0, 1.4, 4.2, 42 J/cm?). The irradiated and non-irradiated
sheath fluid was collected and stained with nucleic acid dyes Syto9 and PI to analyze the membrane integrity of the bacterial cells. Samples
were analyzed (A) immediately or (B) 24 h after irradiation. With increasing UV dose, the relative size of the Syto9-positive population
decreased from 70.3% to 1.15% for directly stained samples and from 50.9% to 0.02% for staining 24 h after irradiation. The events in the lower
left gate are the cytometer’s background and particles that cannot be stained with nucleic acid dyes
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cells could be cultured for at least 72 h even when applying
the lowest UV-C dose of 1.4 J/cm?. However, if the sheath
fluid is not irradiated by UV-C light, the cell culture was
overgrown with bacteria within 24 h of incubation. This
confirmed the results determined by plating experiments
on LB agar where the lowest UV-C dose of 1.4 J/cm? was
sufficient to prevent proliferation even if the membrane
was not completely degraded as indicated by nucleic acids
staining (Figure 2).

3 | DISCUSSION

Following the calculated dose estimates, the UV-C unit
enables a maximum dose of 42 J/cm?, which is about 5400
times above the required dose to achieve a 4 logl0 reduc-
tion of P. aeruginosa. Thus, even if the applied UV-C dose
is lower than the calculated dose, it is very likely that other
microorganisms, such as yeasts, fungi or viruses [6, 11] can
also be successfully inactivated by the suggested method.
However, additional LEDs can be added to the unit if a
higher dose is required. In our experience, most of the con-
tamination is caused in the sheath fluid tank. Thus, the use
of UV-C LEDs inside the tank would also be conceivable,
but technically more complex. Overall, the presented UV-
unit is able to effectively decontaminate the sheath fluid in
a flow-cytometric cell sorter, allowing cell sorting without
the need for antibiotics in subsequent cell culturing. More-
over, it helps to avoid extensive chemical cleaning of the
cell sorter tubing. It is therefore a valuable method to per-
form cell sorting for studies that rely on subsequent culture
of sorted cells in an antibiotic-free environment.
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