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Abstract

Flow cytometrists have long observed a spectrum of cell-type-specific changes ranging
from minor functional defects to outright cell destruction after purification of cells
using conventional droplet cell sorters. We have described this spectrum of cell pertur-
bations as sorter induced cellular stress, or SICS (Lopez and Hulspas, Cytometry, 2020,
97, 105-106). Despite the potential impact of this issue and ubiquitous anecdotes, little
has been reported about this phenomenon in the literature, and the underlying mecha-
nism has been elusive. Inspired by others' observations (Llufrio et al., Redox Biology,
2018, 16, 381-387 and Binek et al., Journal of Proteome Research, 2019, 18, 169-
181), we set out to examine SICS at the metabolic level and use this information to pro-
pose a working model. Using representative suspension (Jurkat) and adherent
(NIH/3T3) cell lines we observed broad and consistent metabolic perturbations after
sorting using a high-speed droplet cell sorter. Our results suggest that the SICS meta-
bolic phenotype is a common cell-type-independent manifestation and may be the har-
binger of a wide-range of functional defects either directly related to metabolism, or
cell stress response pathways. We further demonstrate a proof of concept that a modi-
fication to the fluidic environment (complete media used as sheath fluid) in a droplet
cell sorter can largely rescue the intracellular markers of SICS, and that this rescue is
not due to a contribution of metabolites found in media. Future studies will focus on
characterizing the potential electro-physical mechanisms inherent to the droplet cell
sorting process to determine the major contributors to the SICS mechanism.
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conditions. Conventional droplet sorters all impart similar forces that

could be disruptive to living cells. Many factors inherent to the con-

Since the realization of cell purification by electrostatic droplet sorters
[1,2], users of this technology have anecdotally observed that certain
types of cells are especially sensitive to the sorting process and can
be rendered non-viable, or even destroyed, under typical sorting
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ventional cell sorting process have been considered as potential con-
tributors to SICS, including sheer force (function of nozzle orifice
diameter), rapid pressure changes (pressurization and depressuriza-
tion), rapid acceleration and deceleration (nozzle and collection recep-
tacle), the varied polarity high voltage charge applied to the stream for

droplet deflection, temperature changes, buffer chemistry, and the
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overall impact of removing cells from their homeostatic environment
in the tissue culture incubator [3-7].

Sorter induced cellular stress (SICS) encompasses all cellular changes
caused specifically by the cell sorting process and can manifest in many
ways. While previous studies have shown limited impact on gene expres-
sion due to cell sorting [8-10], functional changes have been reported in
cells after cell sorting, including p38 MAPK activation in T-cells [3,11],
diminished antigen presentation by dendritic cells [4], and arrested
growth in T-cell subsets cultured immediately after sorting (personal
communication, Alan Saluk). In the case of some cell types, such as
cardiomyocytes or neuronal cells, sorting with a conventional droplet cell
sorter is rarely successful due to poor cell viability post-sort. While ad
hoc and cell-type-specific techniques have been devised [12] to minimize
SICS, these efforts have not identified an underlying mechanism or pro-
vide a universal approach to mitigate these effects. General best prac-
tices in flow cytometry have been proposed (e.g., temperature control,
lower system pressure, larger nozzle orifice, etc.) but these common-
sense measures do not eliminate SICS across all cell types, or necessarily
rescue the functional deficits [6]. Several cell types including the DI
TNC1 rat astrocytic cell line and primary murine peritoneal macrophages
have also been reported to be unreliable for downstream metabolomic
assays after purification by cell sorting [13,14]. We have noted similar
post-sorting metabolomic perturbations using Jurkat, NIH/3T3, and vari-
ous immune cell types (data not shown) with severe depletion of most
cellular metabolites after cell sorting. We chose to focus on the meta-
bolic manifestation of SICS instead of cell-type-specific functional
changes in order to better understand the cell sorter's contribution to
SICS. We hypothesized that the metabolic profile might show signatures
of these effects due to the transient nature of sorting, and the time-
sensitivity of metabolism. The fact that the depleted metabolomic profile
post-sort is not limited to specific cell types led us to focus on metabolic
SICS markers and this approach will enable further studies into the myr-

iad potentially disruptive factors at play in the cell sorting process.

2 | EXPERIMENTAL RATIONALE AND
DESIGN

We aimed to test two overarching potential explanations for SICS;
that cells are outside of homeostatic conditions due to sorting or that
the physical forces involved in the cytometer's sorting process impact
cellular integrity. Due to the complexity of potential factors involved,
we designed a proof-of-concept study with a simple intervention to
begin testing these hypotheses. Our choice to initially focus on sheath
fluid composition was inspired by an observation from the use of
counterflow centrifugal elutriation (personal communication, Peter A.
Lopez), a label-free and gentle cell purification process [15]. CCE
exposes cells to an elutriation buffer used to carry purified cell types
out of a centrifuge rotor for collection. Previous studies in our lab
(data not shown) found that cells purified by CCE for use in a met-
abolomics assay exhibited depletion of metabolites when using PBS
as the elutriation buffer. This was mitigated in our lab by using com-

plete media as the elutriation buffer in place of PBS. With this

observation in mind, we chose to test if complete media used as
sheath fluid might rescue metabolomic SICS in droplet-sorted cells.
Since metabolic processes are extremely state and time-dependent,
our study benefited from the availability of the Sony SY3200 dual-
head parallel cell sorter, which allows two simultaneous but indepen-
dent cell sorts to occur within the same instrument. Using this cell
sorter, we were able to expose aliquots of the same starting popula-
tion in a pairwise fashion to different experimental conditions while
controlling for almost all experimental artifacts between the two con-
ditions; including the time out of incubator, temperature, instrumenta-
tion, instrument operational parameters, sample processing, and so
forth. This cell sorter, which employs the same electrostatic droplet
cell sorting operational parameters common to all conventional drop-
let sorters [1], controls for the variable of timing that would be intro-
duced if these experiments were performed serially on one cell sorter.

Adherent (NIH/3T3) and non-adherent (Jurkat) cell lines were used
to confirm previous observations [13,14] of post-sort metabolic pertur-
bation, as well as to evaluate the potential mitigation of the metabolic
SICS phenotype afforded by replacing standard electrolyte-containing
sheath fluid with complete media. Unlabeled cells were suspended in
complete media and identical aliquots of 1 ml were prepared for
unsorted controls as well as for pairwise sorting using the SY3200
(Figure 1). Technical replicate control aliquots (n = 3) were spun down
and flash frozen at the start of each sorting experiment to represent
the “ideal” pre-sorted cell population (Controlg.). Cells were sorted
from within a region drawn on a forward scatter versus side scatter plot
(Figure 1Ai,Aii) that excluded small debris and aggregates. Aliquots of
the same unlabeled samples were sorted simultaneously on HAPS
1 and 2 using different combinations of sheath and collection fluids.
Single-way sorts were performed (n = 3) in parallel to produce replicate
sorted samples for each sheath/collection fluid combination, for exam-
ple, Sheathpgs Collectgpp (Figure 1C,D). Directly comparable parallel
sorts are indicated by line type (dashed or solid) which do not illustrate
a two-way sort or the sort direction. Replicate control aliquots (n = 3)
were either kept in the incubator or at room temperature for the dura-
tion of sorting (Figure 1E). For harvesting, sorted and unsorted control
samples were centrifuged at 1000g for 3 min at 25°C. Supernatant was
aspirated and discarded leaving 1 ml. The cell pellets were resuspended
in 1 ml of PBS and transferred into 1.5 ml Eppendorf tubes
(Fisherbrand, 02-681-5) and centrifuged a second time at 1000 g and
25°C for 3 min. All supernatant was aspirated and discarded, leaving
behind only the cell pellet, which was placed on dry ice and then into

—80°C storage until metabolomic processing.

3 | MATERIALS AND METHODS

3.1 | Cellculture

Jurkat and NIH/3T3 cells were each cultured in RPMI 1640 medium
(HyClone, SH30027.01), with the addition of 10% fetal bovine serum
(Corning, 35-011-CV), 1.0% penicillin/streptomycin  (Gibco,
15140122), and 1.5% HEPES buffer (Gibco, 15630-080). In addition
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Overall experimental workflow—Pairwise sorting and unsorted controls cultured cells were aliquoted into control conditions

(B and E) and various sorted conditions (C and D). Sorting was carried out in a pairwise fashion (indicated by solid or dashed arrows) on the
SY3200. Control and sorted cells were pelleted, frozen, and analyzed by LC-MS/MS. Colored dots indicate experimental groups:

Black - Controls;,t, unsorted cells pelleted at the start of th e experiment

Sky Blue - Controlginish, unsorted cells kept at RT for experiment duration and pelleted at the end ofthe experiment
Orange- Control,cupator, Unsorted cells kept in incubator for the duration of the experiment

Blue- Sheathpgs Collectpgs, sorted cells with sheath fluid of PBS and collectionfluid of PBS

Vermillion - Sheathpgs Collectgrpm, sorted cells with sheath fluid of PBS collection fluid of RPMI

Yellow - Sheathgrppm Collectpgs, sorted cells with sheath fluid of RPMI collection fluidof PBS

Green - Sheathgppm Collectgpm, sorted cells with sheath fluid of RPMI and collectionfluid of RPMI

of supplements media was sterile filtered (Nalgene rapid-flow 75 mm
filter unit, 0.2 um, 500 ml, Thermo Scientific, 566-0020). Cells were
cultured in a 5% CO, incubator at 37°C and were grown in T75 cul-
ture flasks (Falcon, 1368065) containing 15-20 ml of media. Cells
were allowed to grow and acclimate in culture for 2-3 weeks before
use and were split at either 1:10 or 1:20 at 3-day intervals. Cells were
harvested for each cell sorting experiment 3-4 days after splitting.
Jurkat cells were aspirated from the culture flask before sorting, while
NIH/3T3 cells were removed from culture by first aspirating all media
from the flask, washing the cell lawn with 10 ml Dulbecco's
phosphate-buffered saline (DPBS, Gibco, 14190-144), detachment
from the plate by trypsinization using 3 ml of trypsin for 3 min at
37°C, followed by the addition of 10 ml complete RPMI media. Cells
were removed after repeated pipetting and aspirated. After removal
from tissue culture, Jurkat and NIH/3T3 cells were centrifuged at
300g for 5 min at 25°C. Cells were resuspended in 1 ml of RPMI
media for counting and viability determination using a Cellometer
Auto 2000 cell counter (Nexcelom). All cell samples showed >90% via-
bility and were strained through a 50 pm cell strainer (Sysmex
CellTrics, 04-004202317) then divided into two equal aliquots con-
taining 1-2 x 107 cells for sorting. Cells were not labeled or further

processed before cell sorting.

3.2 | Cell sorting and unsorted controls

Two aliquots of the same starting population were sorted simulta-
neously using a Sony SY3200 dual-headed parallel cell sorter. Each
highly automated parallel sorter (HAPS) module contained within the
SY3200 sorter was configured with a different sheath fluid for
pairwise comparison. HAPS1 was outfitted with the same formulation
of RPMI 1640 described earlier for tissue culture, while HAPS2 used
modified Dulbecco's phosphate buffer (nDPBS: 80 g sodium chloride,
2 g potassium chloride, 14.4 g disodium phosphate, and 2.4 mono-
potassium phosphates per liter of distilled water, NYULH Research
Support Service) as sheath fluid. All sheath fluids were used at room
temperature and sterile filtered (0.2 pm filter) before use. In-line
sheath filters were removed from each HAPS to minimize carryover
of sheath fluids. Each HAPS was configured with a 100 pm nozzle and
was operated under similar operating conditions. Sheath pressure was
25 psi on both HAPS 1 and 2 with a drop drive frequency of 32.3 and
32.8 kHz on HAPS1 and 2, respectively. While HAPS1 and HAPS2 are
physically identical sorters operating within the same enclosure they
operate as independent cell sorters and, as such, may have slightly dif-
ferent instrument operational settings and data appearance. Cells

were sorted on each HAPS in a single-way sort at a total event rate of
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8000-10,0000 events per second at room temperature, and 1 million
cells were sorted into collection tubes (Falcon 352063) containing
1 ml of either RPMI or mDPBS as collection fluid.

33 |
analysis

Metabolite extraction and LC-MS/MS

Samples were subjected to an LCMS analysis to detect and quantify
known peaks. A metabolite extraction was carried out on each sample
with a previously described method [16]. The LC column was a Mil-
lipore™ ZIC-pHILIC (2.1 x 150 mm, 5 pm) coupled to a Dionex Ulti-
mate 3000™ system and the column oven temperature was set to
25°C for the gradient elution. A flow rate of 100 pl/min was used with
the following buffers; (A) 10 mM ammonium carbonate in water,
pH 9.0, and (B) neat acetonitrile. The gradient profile was as follows:
80%-20%B (0-30 min), 20%-80%B (30-31 min), 80%-80%B (31-
42 min). Injection volume was set to 2 pl for all analyses (42 min total
run time per injection). MS analyses were carried out by coupling the
LC system to a Thermo Q Exactive HF™ mass spectrometer operating
in heated electrospray ionization mode (HESI). Method duration was
30 minutes with a polarity switching data-dependent Top five method
for both positive and negative modes. Spray voltage for both positive
and negative modes was 3.5 kV and the capillary temperature was set
to 320°C with a sheath gas rate of 35, aux gas of 10, and max spray
current of 100 pA. The full MS scan for both polarities utilized
120,000 resolution with an AGC target of 3e6 and a maximum IT of
100 ms, and the scan range was from 67 to 1000 m/z. Tandem MS
spectra for both positive and negative mode used a resolution of
15,000, AGC target of 1e5, maximum IT of 50 ms, isolation window
of 0.4 m/z, isolation offset of 0.1 m/z, fixed first mass of 50 m/z, and
three-way multiplexed normalized collision energies (nCE) of 10, 35,
80. The minimum AGC target was 1e4 with an intensity threshold of

2e5. All data were acquired in profile mode.

3.4 | Metabolomics data processing

The resulting Thermo™ RAW files with ThermoFisher CommonCore
RawrFileReader, and an in-house python script (Skeleton) was used for
peak detection and quantification of all internal standards and sample
peaks based on a previously established library of metabolite reten-
tion times and accurate masses adapted from the Whitehead Institute
[14], and verified with authentic standards and/or high-resolution
MS/MS spectra manually curated against the NIST14 MS/MS [17]
and METLIN (2017) [18] tandem mass spectral libraries. Annotation
coverage was expanded by searching all data-dependent MS/MS
spectra against the NIST and METLIN spectral libraries. Metabolites
scoring higher than RevDot 900 were retained for relative quantifica-
tion. Untargeted features were further assessed with an in-house
python script (Ungrid) which was used to detect all representative
MS1 peaks across the samples using an m/z discrimination threshold

of 20 ppm, a minimum peak intensity of 1e5 for the representative

peak, a minimum signal-to-noise ratio of 10, and a retention time dis-
crimination threshold of 2 min. Known metabolites, putative metabo-
lites, and metabolite features were then extracted based on either the
detected m/z of the feature or the theoretical m/z of the expected ion
type for the known or matched standard metabolite in the library
(e. comparisons, and t tests were performed with the Python SciPy
(1.1.0) [19] library to test for differences and generate statistics for
downstream g., [M + H]"), and prioritized by this rank order. Toler-
ances for peak quantification were + 7.5 part-per-million (ppm) mass
accuracy, = 7.5 s peak apex retention time tolerance within an initial
retention time search window of +0.5 min across the study samples.
Redundant putative metabolites and features were removed using the
sum peak intensity of all samples for a given row and retaining the
highest priority annotation. The resulting data matrix of metabolite
intensities for all samples and blank controls was processed with an
in-house statistical pipeline, Metabolyze Github commit 765770e, and
final detection was calculated based on a signal-to-noise ratio (S/N) of
3X compared with blank controls, with a floor of 10,000 (arbitrary
units). For samples where the peak intensity was lower than the blank
threshold, metabolites or features were annotated as not detected,
and the threshold value was imputed for any statistical comparisons
to enable an estimate of the fold change and p-value as applicable.
This blank corrected data matrix was then used for all group-wise ana-
lyses. Any metabolite with p-value <0.05 was considered significantly
regulated (up or down), unless otherwise specified. Heatmaps were
generated with hierarchical clustering performed on the imputed
matrix values utilizing the R library, pheatmap (1.0.12) [20]. Volcano
plots were generated utilizing the R library, Manhattanly (0.2.0). Path-
way analyses were carried out manually using Metaboanalyst 5.0 on
the website. Matched names were checked manually, and pathway
analysis parameters used the hypergeometric test, relative-
betweenness centrality, and all compounds in the selected pathway
library for the reference metabolome with the Homo sapiens KEGG
database. www.metaboanalyst.ca website. Matched names were
checked manually, and pathway analysis parameters used the hyper-
geometric test, relative-betweenness centrality, and all compounds in
the selected pathway library for the reference metabolome with the
Homo sapiens KEGG database.

4 | RESULTS

4.1 | Global metabolomics assessment of SICS

We carried out a global/untargeted metabolomics analysis to provide
an un-biased assessment of the scope and breadth of the SICS meta-
bolic phenotype. We also evaluated an adherent cell line (NIH/3T3
cells) to determine if the SICS phenomenon is affected by cellular
adhesion and again used the parallel sorter to directly compare vari-
ous sorting conditions. Overall, we acquired relative quantification on
696 putatively identified or standard library metabolites, and
621 high-intensity/non-redundant untargeted metabolite features

(n = 1316 total analytes) (Table S1). Based on the resulting principal
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FIGURE 2 Metabolomics PCA model of SICS conditions principal components analysis of the metabolic profiles of an (A) adherent NIN/3T3
(38T3) and (B) nonadherent (Jurkat) cell. Each flow cytometry sort was carried out in technical triplicate. All replicates were derived from the same

flask of cells

components model of the metabolic profile, the un-sorted Controlg,t
(black) cells were found to cluster distantly and distinctly from the
NIH/3T3 cells sorted using sheath fluid of PBS collected into PBS
(Sheathpgs Collectpgs, blue) (Figure 2A). Closer examination showed
that this due to a large population (n = 508) of significantly down-
regulated (p < 0.01, >twofold) metabolites. (Figure S1A). Notably, a
pathway analysis of this subset of metabolites suggests that Arginine
biosynthesis (13/14 metabolites, Holm Adj p = 1.21e-8) and Alanine,
aspartate, and glutamate metabolism (18/28 metabolites, Holm Adj
p = 1.68 e-7) were the most impacted pathways (Table S3), though
many diverse metabolite pathways were also impacted including
nucleotides, TCA cycle, amino acids, pentose phosphate, and others.
Only a small population (n = 20) of metabolites and metabolite fea-
tures were significantly upregulated (p < 0.01, > twofold), and were
identified as AMP, UMP, IMP, Phosphorylcholine, and Palmitoyl carni-
tine. The overall PCA model appeared similar when we applied the
same conditions to the suspension Jurkat cells (Figure 2B). Coverage
of the Jurkat profile was similar with 521 putatively identified or stan-
dard library metabolites, and 434 high-intensity/non-redundant
untargeted metabolite features (n = 954 total analytes) (Table S2).
Again, a broad (n = 193) downregulation (p < 0.01, > twofold) of
metabolites was observed (Figure S1B), and a pathway analysis of this
subset of metabolites also found Arginine biosynthesis (8/14 metabo-
lites, Holm Adj p = 2.93e-6) being disproportionately found, along
with other pathways especially related to amino acids (Table S4).
Again, only a few Jurkat (n = 5) metabolites were significantly
upregulated (p < 0.01, > twofold), consisting of Pipecolic acid, and

several un-annotated features.

4.2 | Effect of collection fluid

We next considered the effect of collection fluid type on the apparent
changes to the metabolic profile in a pairwise sort with the SY3200.
We hypothesized that with Sheathpgs, we could evaluate the impact
of the post-sort cellular environment using different collection fluids
(Collectpgs or Collectgppy). Qualitatively, the PCA model shows that
Collectgpm; (vermillion and green dots) samples are shifted in the

direction of Controls, cells (black dots) indicating that the metabolic
profile is becoming more similar to Controls;,+ samples. However, the
Collectgppm samples still clustered most closely with the highly
depleted Sheathpgs Collectpgs condition (Figure 2A, blue dots). Colle-
ctrpm led to an increase in almost all amino acids, and a fairly broad
but modest recovery (n = 137) of many other metabolites (p < 0.01,
>twofold). Only a few (n = 7) metabolites change the other direction
(p < 0.01, >twofold) after Collectgpnm;, and this group overlapped with
the metabolites that were upregulated in the previous Sheathpgs
Collectpgs versus starting unsorted control populations described
above (Figure S2). These metabolites were Cytidine, Uridine, UMP,
IMP, AMP, Palmitoyl carnitine, and an untargeted feature “Feature_
+ _219.1417_6.8,” which was also upregulated in the previous com-
parison. Therefore, this feature was manually inspected, and anno-
tated as a natural isotope of Propionyl carnitine (Main feature:
p = 0.002, FC = 1.6-fold downregulated, Figure S3). This subset of
metabolites could therefore represent key markers of cell stress cau-
sed by the cellular environment during post-sorting conditions, but
not necessarily SICS since the media collection fluid only provides a
partial rescue of the phenotype. These overall trends were recapitu-
lated in the Jurkat study (Figure 2B), and Collectgppm broadly rescued
many metabolites (n = 190) and metabolite features (p < 0.01, >two-
fold). Only two metabolites were downregulated with the same
untargeted features (Feature_
+ _168.0897_7.7, Feature_ + _172.0667_10.0). Interestingly, these
features were also among the shortlist (n = 5) of metabolites that

criteria, and both were

were upregulated in Sheathpgs Collectpgs versus Controlsi.+ cells dis-

cussed above.

43 | Effect of sheath fluid

Next, the effect of modifying the sheath fluid was assessed, while
using Collectpgs for both sorts (pairwise). Compared with the
Sheathpgs (blue dots), the cells sorted with Sheathgpp (yellow dots)
were distant and tightly clustered. The Sheathgpp group was close to
the Controlincubator Samples which were un-sorted, indicating that

Sheathgpnm Mmakes the metabolic profile more like unsorted cells. The
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FIGURE 3 Metabolomics hierarchical clustering analysis of SICS conditions hierarchical clustering analysis of the metabolic profiles of an
(A) adherent NIH/3T3 (3T3) and (B) nonadherent (Jurkat) cell. Each flow cytometry sort was carried out in technical triplicate. All replicates were
derived from the same flask of cells. Color map indicates Z-score of Log2Fold change

Controlincubator S@Mples were aliquoted the same was assorted cells
and kept in the incubator for the duration of the experiment (Cell
Sorting and Unsorted Controls—Methods). Cells from Sheathrpm,
showed a very broad (n = 431) and asymmetric recovery of metab-
olite levels (p < 0.01, >twofold) when compared with Sheathpgs
sorted cells (Figure 4A). Again, only a few (n = 8) metabolites and
metabolite feature trended in the opposite direction including;
AMP, IMP, Palmitoyl carnitine, and several metabolite features.
These trends were also true for the Jurkat cells (Figure S4B), but
the specific markers trending in the opposite direction were unique
to this cell line, possibly suggesting cell-type specific stress
response. Interestingly, while Sheathgppm Collectpps sorted cells
aligned with unsorted Controls,t samples in the first principal
components (PC1), the second principal component seems to
resolve samples by experimental timing (Figure 2A). The Controlsart
samples all show negative PC2 values while the unsorted Con-
trolincubator (Orange) cluster tightly with positive PC2 values. Fur-
ther, the Controlgnisn group which was left out at room
temperature shows the widest within-group variation and spans
the range of PC2 values across the PCA model (sky blue). Here, the
collection fluid seems to play an important role in mediating these
time-dependent artifacts. We observed that Collectrpm samples
(green and vermillion) aligned with Controls,+ cells in the PC2
dimension while Collectpgs samples (yellow and blue) show more

within-group variation and mostly have positive PC2 values. Finally,

Sheathgppm; Collectgpm (green) are overlapping with the Controlsgar
samples in the PCA model and hierarchical clustering analysis
(Figure 3), suggesting that the overall metabolic profile between
these sorted cells is very similar to unsorted controls.

44 | Proposed SICS score

We iterated the experimental design of this study across independent
frozen cell lines during the course of our efforts, but always had three
shared experimental groups; Controls;,, Sheathgppm Collectgpm), and
Sheathpgs Collectpgs. Therefore, we examined the overall consistency
of SICS across these experiments. We exploited our double isotope-
labeled (**C/*°N) amino acid internal standard cocktail (n = 16) which
is spiked into the metabolite extraction solution at 500 nM. This
approach let us control for the extraction efficiency of these 16 amino
acids and reduce instrument batch-effects in the meta-analysis. We
then compared these amino acid levels in the two sorted conditions
to the unsorted control, taking the average of the technical triplicates
for each of the five experiments, and performed an unsupervised hier-
archical clustering analysis (Figure 4). The Sheathpgs Collectpgs experi-
the Sheathgpm

experiments due to the steep and consistent loss of amino acids when

ments clustered distinctly from Collectrpm
using PBS for sheath fluid and sample collection fluid. These studies

represent n = 15 technical replicates for each group, so we used these
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FIGURE 4 Hierarchical
clustering analysis of normalized
amino acids across studies
hierarchical clustering analysis of
select amino acids across five
independent sorting experiments.
Each column represents the
average of technical triplicates

(n = 3) for a single batch. Total of
n = 15 technical replicates per
group represented. Endogenous
amino acids were normalized to
doubly-labeled isotopic internal
standards (*3C/*°N) spiked-in
during the metabolite extraction
to control for variations in
extraction efficiency and
instrument response over time.
Each sorting condition shown
(Sheathsz CoIIecthS &
Sheathgpm Collectgppm) was also
taken as the ratio to the unsorted
control replicates from the
respective experiment. Color map
indicates Z-score of Log2Fold
change. Exp#5 used a PBS wash
step for all samples post sort.
Exp#4 represents NIH/3T3 cells
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system (Table S5). Comparing the levels of these amino acids in sorted
versus unsorted controls, we take the absolute value of the median
fold change (sorted/unsorted). With this metric, unsorted controls
have a score of “1,” while our Sheathpgs Collectpgs had a score of 8.1,
and our Sheathgppm Collectrppm had a score of 1.1 indicating nearly
complete rescue. Here, SICS = 8.1 indicates that Sheathpgs Collectpgs
had 8-fold lower levels of amino acids compared with unsorted
controls.

5 | DISCUSSION

Our results show that changing the sheath fluid composition and the col-
lection fluid composition can dramatically alter the metabolites that are
retained by cells with a droplet sorter. Sheath fluid and collection fluid
have different effects on the profiles with sheath fluid modifying the
stress on the cells while collection fluid modifies the cellular response to
the stress of being sorted. Changing the sheath fluid composition likely

alters the physical mechanism underlying SICS. We recognize that the
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time for interactions between sheath fluid and the cellular suspension is
negligible during the process of cell sorting. Most droplet cell sorters
have a hydrodynamically-focused laminar flow configuration which main-
tains a liquid-liquid boundary between sheath fluid and sample fluid until
sorted cells are deposited into the collection tube and mix in a turbulent
fashion. Therefore, it is surprising that changes to the sheath fluid could
affect the cellular metabolic profile unless the effects are caused by
sheath fluid interacting with the cells post-sort. However, our controlled
comparisons with Collectgpp; or Collectpgs showed that having cell cul-
ture media in the cellular environment post-sort only partially rescues
the metabolite profile, and therefore SICS likely has a major component
somehow arising from the physical forces applied to cells during the sort
(rapid pressure changes, high voltage potential applied, etc.). We used
complete RPMI media as sheath fluid in this study, and this fluid has dif-
ferent physical properties than PBS. In addition to having a much more
complex composition, the glucose, protein, and lipid content changes the
viscosity, surface tension, buffer capacity, electrical capacitance, permit-
tivity (dielectric), and other physicochemical properties. Any one of these
factors may protect from the physical stress that results in sorter-induced
cell stress (SICS).
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For adherent NIH/3T3 cells, the use of complete media as both the
sheath fluid and collection fluid seem to almost completely mitigate
the markers of SICS, as well as the time-dependent experimental arti-
facts (PC2 discrimination, Figure 2A). Our suspension cells (Jurkat)
showed the same trends (Figure 2B), indicating that SICS is a broadly
observed phenomenon independent of cell type. Together, these data
suggest that complete media is playing a dual role during sorting; by
(a) mitigating the disruptive forces during droplet sorting, through a
still uncharacterized mechanism, and by (b) maintaining the extracellu-
lar environment while cells are outside homeostatic conditions post-
sort. Given the fleeting time that cells spend traveling from nozzle to
collection tube (13 ms, on the SY3200 with 100 pm nozzle at 25 psi,
Cytomation CytoCalc v3.2), and the short experimental duration from
pre-sort cell population leading to the flash-frozen sorted-cell pellet
(~18 min), the broad loss of metabolite signals is not likely to be cau-
sed by actual differences in cellular metabolism. We incorporated a
PBS wash step during the cell pelleting protocol for some replicates
(Jurkat cells Exp#5) before metabolomics analysis (even for Collectpgs
samples) and therefore our metabolite profiles reflect intracellular
metabolite levels, not media contamination. However, it is not possi-
ble to fully isolate sheath and collection fluid since they mix together
during collection.

5.2 | Proposed SICS model

The most likely explanation for metabolite depletion is that cytosol is
being acutely lost to the surrounding fluid while traveling through the
sorter. Transient membrane permeability to low molecular weight com-
pounds (metabolites) might be caused by rapid pressurization/depres-
surization cycles, or by an electroporation-like effect from the high
voltage pulses (positive and negative) applied to the sheath/sample
fluid to charge the droplets for collection. A given cell may experience
~15 voltage cycles before being separated into droplets at these sort
rates and cell concentrations. Our latest studies are focusing on voltage
and pressure effects in order to characterize the process underlying
SICS in the conventional droplet cell sorter. We further examined the
metabolome data to determine if there was any specificity to the
metabolites lost during SICS. Using the subset of metabolites that were
significantly and dramatically downregulated in Sheathpgs Collectpgs
conditions compared with unsorted cells, there was actually no differ-
ence in the distribution of metabolite masses observed (Figure S5).
These results support a model with broad and non-specific loss of all
cellular metabolites during droplet cell sorting, and compounds at least

as massive as 800-900 Da are lost without preference.

5.3 | Future directions

One major limitation of the current study is that we have yet to deter-

mine whether our observed changes in the metabolic profile can lead

to the various functional deficits that have been attributed to SICS [2,
3, 11, 12]. Instead, we aimed to use metabolites as a convenient proxy
of the rapid changes in the cellular state during sorting. The consistent
signals that we found for SICS (e.g., nucleotide monophosphates, acyl
carnitines) suggests that metabolism may indeed play a functional role
in such functional deficits, at least in some cell types and situations.
Whether the post-sort metabolic SICS phenotype can give rise to
functional changes will be the subject of future studies, but it is clear
from this report, and others, that cells sorted using droplet sorting
techniques are unfit for metabolomics studies, and that the use of
complete media as sheath fluid provides a way to rescue metabolic
profiles similar to that of unsorted material. Another limitation is that
our study utilized just one manufacturer's cell sorter, though previous
reports show that SICS has been widely observed with various con-
ventional droplet cell sorters from multiple manufacturers [2, 3, 11,
12]. Further, the potential disruptive forces discussed here are com-
mon to all droplet sorters. Although the underlying mechanism of
sorter-induced cell stress remains unclear, and will be investigated in
future work, the current data inform the design of such mechanistic
studies, utilizing metabolomic analysis as the appropriate readout. A
systematic evaluation of the effects of pressure change, nozzle-orifice
size, temperature change, electrical charge, shear, acceleration, and
other factors associated with droplet sorting will characterize the SICS
mechanism, and point a path toward instrument modifications or
practical changes to provide higher-quality sorted cells for functional
assays and down-stream measurements.
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