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Functional Phenotype Flow Cytometry: On Chip Sorting of
Individual Cells According to Responses to Stimuli

Petar O. Nikiforov, Beata Hejja, Richard Chahwan, Christian Soeller, Fabrice Gielen, and

Catalin Chimerel*

The ability to effectively separate and isolate biological cells into specific and
well-defined subpopulations is crucial for the advancement of our under-
standing of cellular heterogeneity and its relevance to living systems. Here is
described the development of the functional phenotype flow cytometer (FPFC), a
new device designed to separate cells on the basis of their in situ real-time phe-
notypic responses to stimuli. The FPFC performs a cascade of cell processing
steps on a microfluidic platform: introduces biological cells one at a time into a
solution of a biological reagent that acts as a stimulus, incubates the cells with
the stimulus solution in a flow, and sorts the cells into subpopulations according
to their phenotypic responses to the provided stimulus. The presented imple-
mentation of the FPFC uses intracellular fluorescence as a readout, incubates
cells for 75 s, and operates at a throughput of up to 4 cells min~'—resulting in
the profiling and sorting of hundreds of cells within a few hours. The design and
operation of the FPFC are validated by sorting cells from the human Burkitt’s
lymphoma cancerous cell line Ramos on the basis of their response to activation
of the B cell antigen receptor (BCR) by a targeted monoclonal antibody.

is also widely observed within populations
of identically differentiated cells and can
manifest itself as differences in the time-
dependent phenotypic behavior of distinct
cell subpopulations.!>?!

Time-lapse fluorescence microscopy is
a broadly adopted method used for inves-
tigating the heterogeneity of intracellular
dynamics in living cells.*” Live cell fluo-
rescence dyes and genetically encoded fluo-
rescence proteins are providing the means
to analyze the dynamics of a wide range of
intracellular processes under the fluores-
cence microscope. Alongside fluorescence
microscopy, the emergence of single cell
omic technologies has enabled the quan-
tification of DNA, methylated DNA, RNA,
protein or open chromatin nucleosome
within individual cells.l®l Correlating single
cell omics data with phenotypic measure-

1. Introduction

The study and understanding of cellular heterogeneity are a funda-
mental aim of biology since the chemical, structural, and morpho-
logical differences between cells are related to their physiological
functions.! During development, heterogeneity at the epigenome,
transcriptome, and proteome levels allows cells with otherwise
identical genomes to differentiate and assemble the functional tis-
sues and organs of multicellular organisms. Cellular heterogeneity
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ments of intracellular dynamics would,

in principle, allow an in-depth mapping
between intracellular composition and function at the single cell
level. Nevertheless, time-lapse fluorescence microscopy relies
on cells being immobilized, usually as an adherent culture, and
the successful harvesting of selected cells of interest for further
investigation, for example by single cell omics, poses significant
challenges and relies on the development of rapid, accurate and
efficient cell sorting and manipulation technologies.

Currently used methods to isolate a cell following time-lapse
fluorescence microscopy employ several strategies. Robotic cell
picking, employs a suction pipette, to directly remove a cell of
interest, from an adherent substrate, following a time-lapse
fluorescence measurement. This methodology does not apply
to cells that grow in suspension and has limited throughput
since only the cells in the field of view constitute candidates
for further analysis.” SPOTlight, employs light quenching of
a fluorescent label, genetically expressed on the cell surface,
to mark cells of interest.’] The technology can be employed to
mark a phenotype of interest following for example time-lapse
fluorescence microscopy. Still the technology limits the analysis
to the cells present in the field of view and can only work with
adherent cell lines. Moreover, the use of the genetically encoded
editable fluorescence label somewhat limits the throughput for
primary cells lines. Alternative methods that work with non-
adherent cell lines include uSCALE and SIFT.’) These methods
use compartments such us capillary arrays or droplets to iden-
tify single cells in space and time. However, confining cells
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restricts the ability to alter the extracellular environment and
freely study cellular responses, upon change in the extracellular
environment, with time-lapse fluorescence microscopy.

On the other hand flow cytometry, laser capture micro-
dissection (LCM)," immunomagnetic, microfluidic, limiting
dilution and manual cell picking methods for the isolation of
single cells have been previously described in the literature.'!
Fluorescence-assisted cell sorting (FACS) is currently the most
widely used technology for the automated separation of cells
according to fluorescent markers or light scattering proper-
ties.'!l In addition, a number of intelligent image-based cell
isolation methods, which use high information-content fluo-
rescence microscopy images, have been developed recently.1%!
Furthermore, imaging flow cytometry (IFC)!2l has emerged as
a technology, which combines traditional flow cytometry prin-
ciples with advanced image acquisition and processing tools
to achieve the morphometric characterization and isolation of
single cells from large heterogeneous mixtures.!"’!

In contrast with time-lapse fluorescence microscopy, FACS
predominantly relies on single time point measurements
and is therefore capable of separating cells only according to
characteristics, which are intrinsic to the cells, or according to
markers, which have been pre-loaded inside the cells or on the
cell surface prior to sorting (e.g., fluorescent tags). Recently,
Zhao et al reported a single-phase flow microfluidic cell sorter
with a two-point fluorescence signal detection system, which
was developed to assist with the directed evolution of Ca?* sen-
sors.¥l This technology uses a 3D focusing flow, which sig-
nificantly improves throughput, nevertheless it employs two
separate microscopes to take the fluorescence readings of cells
at only two different time points along a microfluidic channel
and suffers from significant errors in cell assignment. Here we
report a novel approach, which allows observing single-cells
at high throughput, at many time points, all using a single
microscope, whilst enabling highly accurate cell registration.
The new sorting device, which we term a functional pheno-
type flow cytometer (FPFC), is designed to sort biological
cells according to their phenotypic responses to extracellular
stimuli in flow with high fidelity. Our technology is based on
a purpose designed microfluidic device and employs a single
standard epifluorescence microscope to achieve fluorescence
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imaging of individual cells in flow at multiple time points. We
validated the design and operation of the functional pheno-
type flow cytometer by demonstrating how Ramos cells can be
separated according to their intracellular dynamic responses
to stimulation of B-cell antigen receptors (BCRs) with a tar-
geted monoclonal antibody. The human Burkitt lymphoma
cell line Ramos, which originates from activated germinal
center B cells, has been previously described as a suitable
system for the study of biochemical mechanisms determining
cell proliferation and programmed cell death.l>® Incubation
of Ramos cells with a monoclonal antibody against BCR has
been reported to result in elevation of the intracellular Ca*
levels in a subpopulation of the cells.’] The signaling cascade,
which causes the increase of the intracellular Ca?* concentra-
tion in Ramos as a result of antigen ligation of BCR has been
extensively studied and described previously.'®”] Here, the
functional phenotype flow cytometer is used to observe the
dynamic intracellular Ca?* response of Ramos cells to treat-
ment with anti-BCR monoclonal antibody and the subpopula-
tion of cells reacting to the antibody is separated from a nonre-
sponding population of cells.

2. Results

2.1. The Functional Phenotype Flow Cytometer

To assess intracellular dynamics in response to a stimulus, and
separate cells of interest from a potentially heterogeneous cell
mixture, the functional phenotype flow cytometer performs a
series of three consecutive processes on a microfluidic chip:
Firstly, the FPFC introduces biological cells one at time and at
well-defined time points into a solution of a biological reagent
(stimulus) of interest. Secondly, the FPFC incubates the cells
with the stimulus solution in flow for a required period of time.
Thirdly, the FPFC optically monitors the cellular responses in
situ and sorts the cells into subpopulations according to their
phenotypic responses to the provided stimulus. Similar to flow
cytometry, an FPFC device without a sorting module is termed
an “FPFC analyzer” and an FPFC device that incorporates a
sorting module is referred to as an “FPFC sorter” (Figure 1B,C).

C.
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Figure 1. The functional phenotype flow cytometer (FPFC) analyzer and sorter modes. A) Schematic overview of the optical and electrical components
of the FPFC (DM: dichroic mirror; M: mirror; BP: band pass filter). B) Schematics of a two-channel microfluidic FPFC analyzer and C) a three-channel
FPFC sorter design. Cells inside the channels are represented as large white dots and possible cell paths are indicated by dotted lines with arrows
indicating the direction of travel. Insets in (B) and (C) show the imaged sample areas in the center of the chips. The scale bars are 100 um in length.
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For both the FPFC analyzer and sorter to perform the cell
manipulation processes highlighted above, a special micro-
fluidic chip architecture coupled with a custom-built epifluo-
rescence microscope and real-time cell tracking software have
been developed.

2.1.1. Microfluidic Chip Function and Architecture

The microfluidic chip is designed to transfer cells between
a loading microchannel and a reaction microchannel
(Figure 1B,C). To achieve the inter-channel transfer, cells are
introduced to the cell loading channel of the chip in their usual
culturing media and a solution capable of delivering a stimulus
is flown through the reaction channel. By means of dielec-
trophoresis?? selected cells are transferred from the loading
channel to the reaction channel (Figure 1B,C). This transfer
process is possible since the loading channel and the reaction
channel in the chip are fluidly connected via a 90 um long
inter-channel gap. Metal electrodes fitted to the inter-channel
gaps (Figure 1B,C) are used to transfer the cells between the
two channels. The laminar flows in the microchannels ensure
well-defined interfacial boundaries at the inter-channel gaps
with minimal mixing of liquids between two adjacent chan-
nels (Figure S8, Supporting Information). In addition, both the
loading channel and the reaction channels are fitted with flow
resistance loops. The loop that is part of the loading channel
is about 90% shorter than the loop that is part of the reaction
channel ensuring that no liquid from the loading channel
flows into the reaction channel (Figure S3, Supporting Infor-
mation). Since the mixing of liquids at the interfacial boundary
between channels is minimal, transferring a cell from the
cell loading microchannel to the stimulus-containing reaction
microchannel by negative dielectrophoresis corresponds to a
complete and fully controlled medium exchange around the
cell. Moreover, the microfluidic chip design allows to incubate
cells with a stimulus solution for several minutes. For this
purpose, the reaction microchannel is equipped with a delay
loop (Figure 1B, C and Figure S3, Supporting Information),
whose length together with the flow rate through the channel
determine the total incubation time of a cell with the stimulus
solution.

2.1.2. Custom Built Epifluorescence Microscope

The reaction microchannel of the FPFC is designed to wind
backward and forward through the field of view of a microscope
providing the means of optically quantifying cellular responses
over time (Figure 1B, C). To encompass several microchannels
in the field of view the custom built epifluorescence micro-
scope used here is optimized for having a large field of view
but is still capable of resolving single cells in flow. For this pur-
pose a low magnification 20x microscope objective (Olympus,
NA 0.9) is used to image the sample in conjunction with a fast
CMOS camera (UI-3080CP Rev. 2, IDS) capable of acquiring
at 50 frames per second and a sensor size to image at least
five 30 um microfluidic channels (Figure 1). The epifluores-
cence microscope is equipped with a 505 nm cut-on wavelength
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(DMLP505R Thorlabs) dichroic mirror and a 490 nm LED
(M490L4 LED).

2.1.3. Real-Time Control Software

The main function of the control software is to track fluores-
cent cells in the microfluidic device. Given that cells repeat-
edly enter and leave the field of view when circulating in the
reaction channel, the software cannot monitor what happens
beyond the field of view, in the delay loop. Cells that are insuffi-
ciently separated from each other could overtake each other and
disturb the cell sequence in the reaction channel. To prevent
cells from swapping places in the flow, the transfer electrodes
are actuated to move the next cell from the loading channel
to the reaction channel only after the last transferred cell has
moved sufficiently far downstream. To this end the LabVIEW
written control software is programmed to activate the transfer
electrodes >15 s apart which ensured a <1% swap rate in the
reaction channel for a 90 s long delay loop. The control soft-
ware excludes cell doublets, triplets or any other cell aggregates
from transfer but also small fluorescent debris that can appear
in the loading channels. This discrimination is achieved by
selecting only cell like objects that are approximately circular
(circularity >0.9) and using minimum/maximum area thresh-
olds for selected objects. For tracking, the control software reg-
isters the position and the cumulative fluorescence intensity of
the cells in several regions of interest (ROIs) in the field of view
(Figure 2). The software generates a register for each ROI, that
builds and clears as cells pass though, accounting for the posi-
tion of the cells in the microfluidic device.

The software developed for the FPFC analyzer (Figure 1B)
monitors a minimum of five ROIs (Figure 2B-D). The first
region of interest (ROII) is positioned in the cell loading
microchannel immediately before the cell transfer electrodes
and controls their operation (Figure 2A). ROI2 is situated in
the reaction microchannel immediately after the electrodes.
Because cells move slightly out of focus as a result of dielec-
trophoresis, the image data from ROI2 is not used as an initial
fluorescence reading for the cell in the reaction microchannel
and acts solely as a checkpoint for successful cell transfer.
The third, fourth, and fifth regions of interest measure the
cell fluorescence at specific locations within the delay loop
(Figure 2A-D) providing information on the cellular fluores-
cence at three different time points during the incubation
with the stimulus.

The software developed for the FPFC sorter controls an extra
pair of electrodes (sorting electrodes) to sort cells of interest
(Figures 1C and 2H). The software also monitors five ROIs
within the field of view (Figure 2E-H). ROIs 1 and 2 have iden-
tical positions and functions as in the analyzer version of the
code (Figure 2D). ROI3 is positioned at the end of the delay loop
of the reaction microchannel, immediately before the sorting
electrodes (Figure 2H). When a fluorescent cell is detected in
ROI3, its fluorescence is recorded and compared to the fluo-
rescence of the same cell in ROIL. If the fluorescence of the
cell has increased by more than a certain specified threshold
ratio, the software executes a decision to activate the sorting
electrodes and transfer the responding cell from the reaction

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 2. Superimposed images for a fluorescent cell travelling through
the FPFC A-D) analyzer and E-H) sorter. Regions of interest (ROls) are
indicated by green boxes and ROl numbers are shown on the side of each
image. A) Superimposed images illustrating the function of the transfer
electrodes to move selected cells from the cell loading microchannel
into the reaction microchannel of the FPFC analyzer. Typical flow paths
of B) nonresponding and C) responding Ramos cells through the chan-
nels of the FPFC analyzer. D) A bright field picture of the imaging area
of the FPFC analyzer showing the positions of ROIs with respect to the
channels and electrodes within the microfluidic device. E) Superimposed
images illustrating the function of the transfer electrodes to transfer only
selected cells from the cell loading microchannel into the reaction micro-
channel of the FPFC sorter. Typical flow paths of F) nonresponding and
G) responding Ramos cells through the channels of the FPFC sorter. H) A
bright field picture of the imaging area of the FPFC sorter showing the
positions of ROIs with respect to the channels and electrodes within the
microfluidic device. The scale bars are of 100 um in length.

microchannel into the cell collection microchannel. ROI5 pro-
vides a detection checkpoint for responding cells (Figure 2G).

www.advanced-bio.com

Nonresponders do not activate the sorting electrodes and are
counted in ROI4 (Figure 2F).

2.2. Unaltered Intracellular Calcium Concentration of Ramos
Cells after Dielectrophoresis

The stability of the intracellular calcium concentration of the
Ramos cells in response to dielectrophoresis was demon-
strated by performing control experiments, in which fluo-4
loaded Ramos cells in normal media were introduced to the
cell loading microchannel and normal media were flown in
the reaction microchannel of the FPFC analyzer (Figure 3A,C).
Data for a total of 537 Ramos cells was collected during two
control experiments carried out on different dates using sep-
arate microfluidic chips. Device run times were 2 h, and 2 h
and 34 min with 240 and 297 cells, respectively, being evalu-
ated during each run. The control experiments confirmed that
in the absence of anti-BCR monoclonal antibody M15/8, the
cumulative fluorescence of the Ramos cells does not change
significantly during their time of travel along the reaction
microchannel. An average fluorescence ratio (ratio of total fluo-
rescence of a cell in ROIS to total fluorescence of the same cell
in ROI1) of 1.05 was observed over the two experiments. Only
three cells (0.6%) out of 537 increased their fluorescence by
more than 50% after dielectrophoresis (within 70, 72, and 77 s,
respectively).

2.3. Evaluation of Intracellular Calcium Dynamics in Ramos
Cells Exposed to the Anti-BCR Monoclonal Antibody M15/8
Using the FPFC Analyzer

In order to demonstrate and evaluate the time course of fluo-
rescence response of Ramos cells to the anti-BCR monoclonal
antibody M15/8, fluo-4 loaded Ramos cells in media were intro-
duced into the cell loading microchannel and a 25 pg mL™
solution of M15/8 in media was flown through the reaction
microchannel of the FPFC analyzer. Data for a total of 625
Ramos cells were collected on four separate days using four dif-
ferent microfluidic chips (Figure 3B,D). 474 of the investigated
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Figure 3. Studying the response of Ramos cells to antibody M15/8 in the FPFC analyzer. A) A plot of the total fluorescent pixel sum of 537 Ramos
cells, each detected at three time points along the reaction microchannel of the FPFC analyzer in the absence of antibody M15/8 in two independent
experiments. B) A plot of the total fluorescent pixel sum of 625 Ramos cells, each detected at three time points along the reaction microchannel of the
FPFC analyzer in the presence of antibody M15/8 (25 wg mL™) in four independent experiments. C,D) Histogram showing the distribution of Ramos
cells, which have attained a given fluorescence increase ratio in the C) absence and D) presence of antibody M15/8.
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Figure 4. Sorting of Ramos cells according to their response to antibody M15/8 in the FPFC sorter. A) A plot showing the fluorescence increase ratio
of 505 Ramos cells from control experiments performed with pure Ramos media flown through the reaction microchannel of the FPFC sorter in three
independent experiments. B) A plot showing the fluorescence increase ratio of 753 Ramos cells incubated with 25 g mL™ of antibody M15/8 in the reac-
tion microchannel of the FPFC sorter in three independent experiments. C,D) Plots showing the fluorescence increase ratio of sorted C) nonresponding
and D) responding Ramos cells from the same data set as described in (B). E) Histogram of the fluorescence increase ratio for sorted nonresponders

(gray) and responders (orange) from the same data set as described in (B).

cells did not show a significant increase in their total fluores-
cence after exposure to M15/8. The remaining 151 cells (24.2%)
were classed as responders because they increased their fluo-
rescence by more than 50% within 77 s of incubation (on
average) with the antibody. The percentage of responding cells
was found to be consistent between experiments with 22.4%,
24.1%, 24.0%, and 24.9% of responders having been identified
during the four separate runs respectively and this remained
stable over the entire experimental time (Figure S6, Supporting
Information). Reacting cells exhibited fluorescence ratios in
the range between 1.5 and 3.8 (Figure 3D). The majority of
responders did not display a significant increase in fluorescence
in ROIs 3 and 4 and reaction to the antibody only became evi-
dent in ROI5 (Figures 3B and 2C). This suggests that the down-
stream signaling cascade, which follows BCR ligation, does not
result in a noticeable change of intracellular Ca?* concentration
until approximately at least 35 s after exposure of Ramos to the
antibody.

2.4. Ramos Cell Sorting Based on the Intracellular Calcium
Changes Generated by Their Exposure to the Anti-BCR
Monoclonal Antibody M15/8 Using FPFC Sorter

As demonstrated with the FPFC analyzer, control experi-
ments in the FPFC sorter confirmed that the intracellular
calcium concentration of Ramos cells is not significantly
affected by the dielectrophoresis conditions exerted by the
cell transfer electrodes (Figure 4A). Fluo-4 loaded Ramos
cells were introduced to the cell loading microchannel and
pure Ramos media was flown through both the reaction and
the cell collection microchannels. The control runs were
carried out in triplicate on different days using separate
microfluidic chips. An average fluorescence increase (ratio
of total fluorescence of a cell in ROI3 to the total fluores-
cence of the same cell in ROI1) of 1.03 was observed over
the three experiments. Four cells out of a total of 505 Ramos
cells (0.8%) increased their total fluorescence by more than
50% when travelling along the reaction microchannel of the
FPFC sorter (Figure 4A).

In cell sorting experiments fluo-4 loaded Ramos cells in
media were introduced to the cell loading microchannel, a
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25 pg mL™! solution of antibody M15/8 in media was flown
through the reaction microchannel and pure media was passed
through the cell collection microchannel. Data for a total of
753 Ramos cells was collected on three separate days using a
freshly prepared microfluidic chip each time (Figure 4B). The
FPFC sorter was run for 67, 109, and 187 min, respectively,
during each of the three experiments. As suggested by the
control experiments a 1.5-fold increase in total fluorescence
between ROI1 and ROI3 was chosen as a threshold and cells
exhibiting a greater increase were classed as responders. 200
(26.6%) of the 753 cells were identified as responders and 197
of these were correctly sorted into the cell collection micro-
channel and detected in ROIS5 (Figure 4D). The remaining 555
nonresponding cells did not activate the sorting electrodes and
were detected and counted in ROI4 (Figure 4C). Two of the
three cells not sorted despite >1.5-fold fluorescence increase
remained in the reaction microchannel although the sorting
electrodes were activated and were detected in ROI4 accounting
as false negatives. The last of the three incorrect sorted cells
(the outlier in Figure 4D) is a false positive that ended up in the
collection channel even though the sorting electrodes did not
activate. This is most likely due to a transient blockage in the
reaction channel outlet, which briefly directed the flow through
the inter-channel gap between the reaction microchannel and
the sorting microchannel. With these errors as identified, the
FPFC produces falls positives at a rate of 0.5% of the total pop-
ulation of cells of interest and false negatives at a rate of 1%
of the total population of cells of interest. Nevertheless, using
the post sort regions of interest ROI4 and ROI5 none of these
errors goes undetected and any “contamination” can be quanti-
fied accurately.

3. Conclusion

The functional phenotype flow cytometer is an innovative
microfluidic platform capable of sorting cells on the basis of
their phenotypic responses. The FPFC performs a cascade of
cell processing steps on a microfluidic platform. The FPFC
exposes cells to a biological reagent (stimulus), incubates
the cells with the stimulus, monitors cellular fluorescence
and sorts the cells into subpopulations according to their

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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phenotypic responses to the stimulus to allow phenotypic cell
sorting. Here we validate the FPFC by sorting cells according
to their intracellular dynamics in response to an extracellular
stimulus. As a natural extension this platform can also accom-
modate other types of cellular stimulation that could include
intracellular stimuli to trigger intracellular cascades (e.g., via
optical activation).

The design challenge for the FPFC is to perform the above-
mentioned steps in a microfluidic flow line. The main innova-
tion of our design is the method of transferring cells between
microfluidic channels through an inter-channel gap. Several
design advantages are associated with this method. Firstly the
arrangement allows for the cell to be transferred from one envi-
ronment to another accounting for a change in the extracellular
media—in flow. Secondly the cell can be incubated for minutes
in the new extracellular environment. This is made possible
since the transfer can be activated on demand to shuttle cells
between channels at arbitrary time points and hence introduce
sufficient spacing between the cells. Sufficient spacing between
cells in the reaction microchannel of the device prevents cells
swapping positions in flow and allows for reliable cell tracking.
Previous attempts to space cells in microfluidic channels
employed 3D focusing flow. In contrast to the inter-channel
gap transfer developed here, the 3D focusing method cannot
be activated on demand. Hence the final inter-cell spacing
achieved with the 3D focusing will depend on the initial inter-
cell spacing, which cannot be well controlled. This limits the
precise assignment of inter-cell gaps and generates assignment
errors limiting the incubation time to a few seconds. Hence
using the inter-channel gap method allows for precise cell
assignment control and long incubation times that extend over
minutes as demonstrated here. Nevertheless, the desired accu-
racy of cell tracking dictates the throughput of the device which
is currently reached at a maximum of 4 cells min™ but can be
further improved by minimizing the variability of cell speeds
in the flow channels, for example by coating the microfluidic
channel cell surface with a nonstick substrate that minimizes
cell-wall interactions.2]

Another important aspect of our design is the presence of a
delay loop in which cells, in flow, are kept once the extracellular
environment has been changed. The delay loop in combina-
tion with the ability to control the transfer of cells into the delay
loop allow for incubation times that scale proportional to the
length of the delay loop and inversely proportional to the flow
speed. Nevertheless, the stability of the flow and cell sedimen-
tation must be considered when lowering the flow speed and
the increased hydraulic pressure associated with the increased
channel length must be considered when extending the incuba-
tion time in the FPFC. Our calculations, predict that feasible
incubation times for the FPFC, driven at 50 mBar input pres-
sure, can reach 15 min with a throughput of 1 cell per 2 min.

In the current implementation of the FPFC we chose nega-
tive dielectrophoresis as a cell transfer method between the
inter-channel gap. We have demonstrated that the conditions
of negative dielectrophoresis do not cause any significant
undesired electrical disturbance to the cells and the intracel-
lular calcium concentration of Ramos cells remains sufficiently
stable for the duration of their travel in the reaction micro-
channel of the device during control experiments. The average
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diameter of the Ramos cells, dislocated by dielectrophoresis, is
of 19 £ 2 um with a minimum diameter of 13 um and a max-
imum diameter of 23 pm. It is to be expected that negative die-
lectrophoresis in the FPFC will work for other cell types with
similar sizes, but in any case, alternative methods of moving
cells between channels could be adopted if cells are sensitive to
electrical perturbation.

Similar to flow cytometry, two versions of the FPFC have
been described here: the FPFC analyzer and the FPFC sorter.
The FPFC analyzer samples 4 time points of the intracel-
lular kinetics curve whereas the FPFC sorter samples only 2,
making the analyzer a potentially useful tool for informing the
best time delay to be used in the sorter. In the future, both the
number of time points in the analyzer and sorter could be fur-
ther increased, for example by increasing the camera sensor
size or reducing the microscope magnification to 10x. The ana-
lyzer will generally be able to accommodate more points on the
kinetics curve since it can use chip space used otherwise for
sorting for further sampling. In both designs the total incu-
bation time with the stimulus and the time intervals between
data points can be changed by adjusting the total length of the
reaction microchannel and the length of individual delay loops
between consecutive crossover points of the reaction micro-
channel with the imaging area respectively.

Using the FPFC analyzer we have concluded that an increase
in total fluorescence of >1.5-fold can be used to sort Ramos cells
according to their response to the anti-BCR monoclonal anti-
body M15/8. The 1.5 threshold has been chosen to minimize
false positive cells as demonstrated in our control experiments.
In other experiments, the criterion for distinguishing between
responding and nonresponding cells may need to be adjusted
in the search for a biologically meaningful distinction between
the segregated cell subpopulations.

The functional cell sorting technology described here opens a
gateway for further in-depth investigation of the links between
cellular phenotype and the profiles of different cell omic
layers.[®l For example, sorted subpopulations of responding and
nonresponding Ramos cells can be harvested and analyzed for
differences in the expression levels of the proteins implicated
in the signaling cascade, which follows BCR ligation. In such
experiments the cell collection channel of the microfluidic chip
could be loaded with a reagent such as an RNA stabilizing solu-
tion (e.g. RNAlater) in order to preserve the RNA of the Ramos
cells at the levels observed during sorting for subsequent RNA
sequencing and analysis.

We further envisage potential uses of our technology in the
fields of functional peptide screening,?2231 RNA interferencel?¥
and CRISPR/Cas9®! based cell screening. With all these poten-
tial applications in mind we anticipate that the FPFC will be
an important new technology in studying the biological signifi-
cance of the heterogeneity of cellular subpopulations as well
as in deciphering the biochemical mechanisms underlying the
phenotypic responses of cells to extracellular stimuli.

4. Experimental Section

Microfluidic  Chip  Fabrication: The technical drawings for the
microfluidic channel designs were drawn using DraftSight 2018 software
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and sent to Micro Lithography Services (UK) for the printing of film
photomasks of the microfluidic channels (Figures S1and S3, Supporting
Information). An SU-8 (an epoxide-based negative photoresist) mold
of the microfluidic channels was prepared on a silicon wafer substrate
from the film photomask using standard photolithography techniques.
Polydimethylsiloxane (PDMS) elastomer was then poured and set onto
the SU-8 master mold. PDMS slabs containing the microchannels were
cut out of the master mold and holes were punched at the channel inlets
and outlets.

Metal electrodes were deposited onto glass microscopy slides
using photolithography, metal sputter coating, and lift-off techniques
(Figures S2 and S4, Supporting Information). A glass microscopy slide
(#1.5; 24 x 50 mm) was initially coated with a 3 um thick uniform layer
of AZ photoresist (AZ nLOF 2035, MicroChemicals GmbH, Germany).
The electrode pattern was then formed in the AZ photoresist using
photolithography followed by chemical development. A layer of
Au/Pd (1:4, 50 nm) was deposited using a sputter coating instrument
on the side of the microscopy slide containing the electrode pattern
and this was followed by a lift-off process in acetone to obtain the metal
electrodes on the glass slide substrate.

The PDMS microchannels and the glass microscopy slide with the
metal electrodes were treated with oxygen plasma and bonded together
under a microscope to carefully align the metal electrodes across the
interchannel gap. Finally, copper wires (=5 cm long) were glued to the
electrode ends of the microfluidic chip using silver conductive epoxy
adhesive (cat. no.: 186-3616, RS components Ltd., UK) followed by
incubation at 70 °C for 1 h.

Software: LabVIEW 18.02 is used for acquiring and analyzing images
in real-time and activating the transfer and the sorting electrodes.
The software defines rectangular regions of interest (ROIs) within the
imaging area of the digital camera. Ramos cells passing through the
ROIs were detected as fluorescent particles using a 30 a.u. intensity
threshold. Individual particle pixels were corrected against a dark
background calculated as the average value of all nonparticle pixels.
No correction was applied for the variance in illumination since this
was smaller than 1% across the field of view. A minimal pixel area
threshold of 1000 square pixels was used as a filter for cell debris. The
total fluorescence pixel sum of cells was calculated as the sum of all
particle pixels (dark background corrected). The total fluorescence
pixel sum of cells at the beginning and the end of the delay loop of the
reaction microchannel of the FPFC sorter were stored in arrays, whose
indices were related to the order in which the cells flow through the
channel. The LabVIEW code executes a decision to turn on the sorting
pair of electrodes on the basis of the comparison of the initial and final
fluorescence values of each individual cell from the arrays associated
with the relevant ROls.

Ramos Cell Culture Maintenance: Ramos cell culture was grown in
T75 tissue culture flasks with hydrophobic surface, canted neck, and
vented cap (cat. no.: 83.3911.502, Sarstedt Ltd.). Culture media was
prepared using RPMI 1640 media (cat. no.: 11531851, Fisher Scientific)
with heat inactivated fetal bovine serum (10% v/v; cat. no.: 10500064,
Thermo Fisher Scientific), penicillin-streptomycin (1% v/v; cat. no.:
11528876, Fisher Scientific), 200 x 103 m L-glutamine (1% v/v; cat. no.:
11500626, Fisher Scientific), 100 x 10~ m sodium pyruvate (1% v/v; cat.
no.: 12539059, Fisher Scientific), and 50 x 1073 m 2-mercaptoethanol
(0.1% v/v; cat. no.: 31350010, Thermo Fisher Scientific). Confluent
cell culture was diluted with fresh media by a factor of 10 every other
day and by a factor of =20 prior to weekends up to a final volume of
~11 mL per flask.

Loading of Ramos Cells with Fluo-4, AM:1?%! Confluent culture of Ramos
cells (2 mL) was centrifuged (1000 rpm, 5 min) in a 15 mL falcon tube.
The supernatant was carefully decanted, fresh media (2 mL) was added,
and the pellet was carefully resuspended by trituration with a suction
pipette. Fluo-4, AM (Thermo Fisher Scientific) in dimethyl sulfoxide
(5 1L, 4.6 umol) was added and mixed well with the Gilson pipette. The
Ramos cell suspension was carefully transferred to a T25 tissue culture
flask with hydrophobic surface and incubated at 37 °C, 5% CO, for
45 min. The fluo-4 loaded cells were then transferred back to a 15 mL
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falcon tube and centrifuged (1000 rpm, 3.5 min). The supernatant was
carefully decanted and fresh media (0.2-1.0 mL) was added to give a final
cell count of less than 105 Ramos cells per milliliter. A test experiment
probing the viability of the cells was performed in bulk with cells
being let to sediment and then slowly exposed to the M15/8 antibody.
Demonstrating their viability cells have increased their fluorescence as
shown in Figure S5 (Supporting Information).

Experimental Setup: Microfluidic chips were primed using a Fluigent
MFCS-EZ Microfluidic flow control system. The channel inlets were
loaded by inserting Gilson pipette tips containing 40 uL of solution
or homogeneously suspended cell suspension into the holes of the
channel inlets. A primed and loaded microfluidic chip was mounted
and secured on the stage of the epifluorescence microscope (Figure S7,
Supporting Information), so that the imaging area of the digital camera
captured approximately the correct imaging area of the chip for the
FPFC analyzer and FRPF sorter instruments (Figure 1B,C). The copper
wires of the FPFC analyzer were connected to the output channel of a
function/pulse generator (TGF3162, Thurlby Thandar) using test leads
(IN04467, Combined Precision Components). In order to run the FPFC
in sorting mode, the copper wires of a sorter chip were connected
to the output channels of two separate function/pulse generators.
The TGF3162 instruments were set to generate a voltage of 9 Vpp at
a frequency of 800 kHz on external trigger of +5V (DC). The external
trigger channels of the TGF3162 instruments were connected to
separate analogue voltage output channels of a multifunction input/
output DAQ device (USB-6002, National Instruments) connected to the
control PC via a USB 3.0 port.

Statistical Analysis: The data presented in Figure S6 (Supporting
Information) included statistical analysis which was presented as mean
+ SD. A minimum of four different experiments were used for calculating
the mean. All the conditions were statistically evaluated by one-way
analysis of variance (ANOVA) with t-test (p < 0.05) run in Prism 9.0.0.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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