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Intracellular flow cytometric lipid analysis – a multiparametric
system to assess distinct lipid classes in live cells
Badwi B. Boumelhem1, Chelsea Pilgrim1, Vincent E. Zwicker2, Jacek L. Kolanowski2,*, Jia Hao Yeo3,
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ABSTRACT
The lipid content of mammalian cells varies greatly between cell
type. Current methods for analysing lipid components of cells are
technically challenging and destructive. Here, we report a facile,
inexpensive method to identify lipid content – intracellular flow
cytometric lipid analysis (IFCLA). Distinct lipid classes can be
distinguished by Nile Blue fluorescence, Nile Red fluorescence or
violet autofluorescence. Nile Blue is fluorescent in the presence of
unsaturated fatty acids with a carbon chain length greater than 16.
Cis-configured fatty acids induce greater Nile Blue fluorescence
than their trans-configured counterparts. In contrast, Nile Red exhibits
greatest fluorescence in the presence of cholesterol, cholesteryl
esters, some triglycerides and phospholipids. Multiparametric
spanning-tree progression analysis for density-normalized events
(SPADE) analysis of hepatic cellular lipid distribution, including
vitamin A autofluorescence, is presented. This flow cytometric system
allows for the rapid, inexpensive and non-destructive identification of
lipid content, and highlights the differences in lipid biology between
cell types by imaging and flow cytometry.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Lipid metabolism is tightly regulated at the cellular, organ and
whole-body levels (Frayn et al., 2006; Rui, 2011). Lipids are gained
from diet or synthesised de novo from precursors. Critical lipid
classes within mammalian cells include phospholipids, which form
cell membranes, free fatty acids (FFA), cholesterol and triglycerides
(TAGs), neutral lipids stored in droplets, and lipids involved in
inter- or intra-cellular communications, such as steroids and
phospholipids. Short chain fatty acids (SCFA), such as butyrate,

regulate gene expression, whereas myristic acid and cholesterol
modulate protein function (Astakhova et al., 2016; Hu et al., 2011).

Rates of obesity, diabetes and metabolic disorders are increasing
globally. In situ or in cellulo detection of lipids by antibody staining
is currently ineffective, as lipids are typically poor immunogens
(Maekawa and Fairn, 2014). Liquid chromatography-mass
spectrometry (LC/MS), although highly accurate in determining
cellular lipid composition, is destructive (Cespedes et al., 2015;
Kerwin et al., 1996; Murphy and Axelsen, 2011). There is clearly a
need for methodologies that allow for the rapid detection of lipid
classes in live mammalian cells.

Fluorescent dyes and probes can be useful for lipid detection in
cells. Here, we have employed the lipophilic dyes Nile Red (NR)
and Nile Blue (NB) to assess differences in neutral lipid and FFA
composition across a range of tissues (Maekawa and Fairn, 2014).
NR and NB are heterocyclic benzophenoxazines (Smith, 1911;
Martinez and Henary, 2016). NB is positively charged and contains
an iminium group whereas NR is neutral and contains a carbonyl
group. NB detects bacterial polyhydroxybutyrate, although this
staining may be due to NR contamination (Ostle and Holt, 1982).
NR is a well-known fluorescent lipophilic stain and has been used to
visualise lipid storage in a broad range of cell types from algae to
humans (Greenspan et al., 1985; Rumin et al., 2015; McMillian
et al., 2001; Dates et al., 2015). Previously, we demonstrated that
NR could distinguish adipocyte heterogeneity at the single-cell level
by flow cytometry (Boumelhem et al., 2017). Fluorescent probes
can also be generated to sense specific lipids, including the probe P-
IID, which we have recently reported as a sensor for extracellular
phosphatidylserine (Zwicker et al., 2019).

Here, we report that NB fluorescence is induced by unsaturated
FFA with at least 16 carbons. In contrast, NR fluoresces in the
presence of cholesterol, cholesterol esters, some triglycerides
and phospholipids. This identification of the lipid-specific NB and
NR fluorescence, combined with the cell-permeable nature of both
dyes has allowed us to utilise these dyes for live-cell imaging,
histochemistry and flow cytometry, offering new perspectives on the
heterogeneity and flux of lipids within mammalian cells. In
combination with autofluorescence signals, these lipophilic probes
can be used for intracellular flow cytometric lipid analysis (IFCLA).

RESULTS
NR and NB are cell-permeable fluorescent lipophilic dyes
The use of NB as a fluorescent stain of mammalian cells has not
been extensively reported. Both NR and NB are fluorescent; NR can
be excited at 488 nm and emits between 565 and 640 nm, whereas
NB can be excited at 620 nm with emission between 630 and
700 nm. Cryosections of adult mouse tissues were fixed with 4%
paraformaldehyde (PFA) in PBS, incubated with NB and NR,
washed and imaged immediately. Confocal microscopy revealed
that lipid droplets of brown adipose tissue (BAT) were stained by
NR (Fig. 1Ai,ii). Laminar structures near the BAT vasculature were
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also stained with NR (Fig. 1Ai, arrow). In contrast, NB fluorescence
was largely observed in distinct punctate structures within the brown
adipocytes (Fig. 1Aii, arrows). These punctate structures were
∼1 µm in diameter, stained with NB peripherally and NR centrally
and resemble peroxisomes which are abundant in brown adipocytes
(Fig. 1Aii) (Lodhi and Semenkovich, 2014; Ahlabo and Barnard,
1971; Park et al., 2019). Peroxisomes in brown adipocytes are
involved in the metabolism of lipids through β- and α-oxidation
of very long chain fatty acids and methyl-branched fatty acids
(Park et al., 2019). NB diffusely stained the cytoplasm of gonadal
white adipocytes with fluorescence that was most intense around
the periphery of the cytoplasm (Fig. 1Bii). NR intensely stained
the lipid droplets of adipocytes in white adipose tissue (WAT)
(Fig. 1Bii). Compared to BAT, there were less peroxisome-like
organelles stained with NB (Fig. 1Bii). This could be due to the

characteristically large, triglyceride-rich lipid droplets, which
constitute much of the cytoplasm in each white adipocyte. Thus,
NR and NB can stain distinct intracellular features in brown
adipocytes and, to a lesser degree, white adipocytes.

To assess the utility of NB for flow cytometry, single-cell
suspensions of BAT and WAT were prepared with the buoyant
fraction (BF), which contains adipocytes, and a stromal vascular
fraction (SVF) (Boumelhem et al., 2017). Cells were incubated
with NB and NR and flow cytometry performed. All SVF samples
showed a similar pattern, with strong NB fluorescence and no or
little NR fluorescence, demonstrating that NB is cell permeable
and fluoresces in the presence of lipids within mammalian cells
(Fig. 1Ci–iii,Di–iii). In contrast, the buoyant fraction in all tissues
studied contained populations with NR and NB. BAT BF cells
contained three populations, those that were NR-positive alone

Fig. 1. Both NB andNR are cell-permeable, fluorescent lipophilic probes that fluoresce inmouse adipocytes. (A,B) Representative images of cryosections
(20 µm) of mouse (Ai) brown and (Bi) gonadal white adipose tissue stained with NR (magenta), NB (blue) and DAPI (yellow). A z-stack of 20 µm was compiled for
each sample. Images presented are a maximum intensity projection. Magnified regions (dotted box) of (Aii) brown and (Bii) gonadal white adipose tissue. White
arrow in Ai indicates NR staining of laminar vessel-like structure. White arrows in Aii and Bii indicate NB staining of peroxisome-like structures. (C,D) Single-cell
suspensions of (C) brown and (D) white adipose tissue were generated using the method previously published (Boumelhem et al., 2017). Cells of the stromal
vascular fraction (SVF) (Ci–iii,Di–iii) and buoyant fraction (BF) (Civ–vi,Div-vi) were stained with NR and NB and fluorescent populations identified. Gates were
applied according to fluorescence intensity. Grey shaded region, unstained cells (NR−NB−); red shaded region, NB negative (NR+NB−); pink-shaded region, NR-
negative, NB-positive cells (NR−NB+); NR high, NB-positive cells (NR++NB+, magenta); NR- and NB-positive cells (NR+NB+). Numbers inside regions indicate
percentage of cells in each area. All populations were then back-gated to analyse the forward (size) (Cii,Dii) and side (granularity) (Ciii,vi,Diii,vi) scatter profiles.
For each cell preparation, at least 105 cells were analysed. Confocal microscopic images and flow cytometric data presented are representative and taken from at
least three independent experiments.
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(NR+), NB-positive alone (NB+), or NR and NB double-positive
cells (NR+NB+) (Fig. 1Civ–vi). NR+NB+ cells were larger and more
granular compared toNR+ orNB+ cells, whichmay be indicative of the
presence of peroxisomes inside BAT adipocytes (Fig. 1Civ–vi). More
than 90% of buoyant white adipocyte cells were NB+ (Fig. 1Div–vi).
GonadalWAT contained two populationswith increasingNB intensity
(Fig. 1Div–vi). Cells with the greatest NB fluorescence (NB++) were
the largest, most granular cells (Fig. 1Div–iv). These findings
demonstrate that NB and NR can be combined to segregate distinct
populations from adipose tissues. However, it is unclear which lipids
the two dyes are detecting within these populations.

NB and NR lipid specificity
To determine why these structurally similar dyes show distinct lipid
detection profiles within cells, spectrofluorimetric analysis of 70
different lipids in PBS was performed (Fig. 2; Table S1, Fig. S4).
Neither NB nor NRwas fluorescent in the presence of saturated fatty
acids (Fig. 2A). NB fluoresced only in the presence of specific
unsaturated fatty acids (Fig. 2A–C), the monounsaturated fatty acids
palmitoleic and oleic acid, which are commonly found in
mammalian cells, and linoleic acid, which is polyunsaturated and
present in mammalian cells and is a precursor of arachidonic acid
(Fig. 2A,B). Nervonic acid and erucic acid, which are elongation
products of oleic acid, also induced high NB fluorescence.
Of the 22 unsaturated fatty acids assessed, NR fluoresced only in

the presence of oleic acid (Fig. 2A). Other unsaturated fatty acids
caused NR to fluoresce, but the emission maximumwas red-shifted,
with peak emission at 620 nm, beyond the range used to detect NR
by flow cytometry or confocal microscopy (520–590 nm; Fig. S3,
Fig. S4C). NR fluorescence was observed with cholesterol,
cholesteryl esters and triglycerides (Fig. 2A). NR fluorescence
was also observed in the presence of low- and high-density
lipoproteins (Table S1). NR fluoresced in the presence of
phosphatidylcholine (PC), phosphatidylserine (PS), platelet-
activating factor (PAF) and the brain lipid glucosylceramide
(Fig. 2A). PC and PS are components of the mammalian plasma
membrane lipid bilayer; however, cell membrane staining has not
been observed by histological staining. Neither NR nor NB showed
any fluorescence response to the presence of steroids (Table S1).
Lipids must contain 16 or more carbons to induce NR or NB
fluorescence (Fig. 2A). Small and medium chain fatty acids failed to
induce fluorescence in these liquid-based assays. The number and
position of double bonds in the fatty acid chain did not significantly
influence the observed intensity of NB fluorescence (Fig. 2B;
Fig. S1). However, fatty acids with trans-configured double bonds,
including palmitoleic, oleic, vaccenic, linoleic and eicosapentanoic
acids displayed significantly lower fluorescence intensity than their
cis-configured counterparts of equal carbon number (Fig. 2Ci,ii).
To determine whether the spectrofluorimetry data were pertinent to

the behaviour of NR and NB in live cells, an array of lipids from
multiple classes were added to cultures of mouse embryonic stem cells
(ESCs) for 30 min prior to confocal imaging and flow cytometric
analysis. NB fluorescence intensity increased in oleic acid-treated cells
but not vehicle (DMSO)-treated cells, with diffuse and punctate
cytosolic blue staining evident (Fig. 3Ai,ii,Bi,ii). When assessed by
flow cytometry, only mouse ESCs treated with oleic and linoleic acids
showed an increase in fluorescence intensity for NB (Fig. 3Bi,ii). No
change in NB fluorescence intensity was observed for cells treated
with saturated fatty acids, cholesterol, cholesterol esters, triglycerides
and phospholipids, consistent with our finding above that NB
fluorescence is restricted to unsaturated fatty acids (Fig. 2A,
Fig. 3Bi). Therefore, NB exhibits specificity for cis-unsaturated FFAs.

An increase in NR fluorescence was detected in mouse ESCs
treated with oleic acid only (P=0.02) (Fig. 3Bii). While NR
fluoresces in the presence of cholesterol, cholesterol esters and
triglycerides in vitro (Fig. 2A), mouse ESCs treated with those
lipids did not lead to an increase in NR fluorescence (Fig. 3Bii).
This could be due to the lack of uptake of these lipids in mouse
ESCs due to the short incubation time or, alternatively, this could
indicate that NR staining of lipid droplets in mouse ESCs is
composed mostly of oleic acid (Fig. 3Bii).

Dynamic shifts in NR and NB fluorescence highlights
changes in maternal–fetal lipid exchange throughout
development
In rodents, the exchange of nutrients between mother and
developing embryo takes place at the placental interface and the
yolk sac (YS), a membrane that encapsulates the embryo/fetus. The
YS is important for the transport of less-soluble nutrients such as
lipids (Farese et al., 1996). NR fluorescence was localised to lipid
droplets within the YS at all time points assayed (Fig. 4Ai–iii) with
fluorescence greatest at embryonic day (E)10.5 of development and
was diminished by E18.5 (Fig. 4Bi–iii). NB fluorescence was
observed in the cytoplasm of YS epithelial cells (Fig. 4Bi–iii). Flow
cytometry revealed two distinct populations of YS cells: one
showing fluorescence of both dyes (NR+NB+) and another
population which exhibited NB fluorescence alone (NR−NB+)
(Fig. 4Bi–iii,Ci,ii). The frequency of NR+NB+ cells was greatest at
E10.5 (Fig. 4Bi, Fig. 4Ci; Tables S2, S3). In contrast, NR−NB+ cell
frequency was lowest in the earliest developmental stage assayed
but significantly increased by E12.5, reaching maximum levels at
E15.5 (Fig. 4Bi–iii; Tables S2, S3). At E14.5, there was a clear
decline in NR+NB+ cells and an increase in NR−NB+ cells
(Fig. 4Cii). Lipid content and transport in the mouse YS therefore
dynamically changes throughout development and can be assessed
by NB and NR fluorescence intensity.

NB and NR fluorescence discriminates distinct cell types in
adult mouse organs
We next determined whether NR and NB can identify distinct
populations in adult mouse tissues. In the adrenal gland, the cortex
is composed of steroidogenic cells, whilst the medulla is rich with
neuroendocrine chromaffin cells (Rosol et al., 2001). Intense NR
staining was observed in lipid droplets across all cortical regions of
the adrenal gland (Fig. 5Ai,ii). NB and NR staining were also
observed in the cytoplasm in all cortical regions of the adrenal gland
(Fig. 5Ai,ii). In contrast, the adrenal medulla showed few, if any,
NR-positive lipid droplets and lower levels of NB fluorescence than
the cortex (Fig. 5Ai,ii). Flow cytometric analyses revealed that the
SVF fraction largely lacks NR fluorescence (Fig. 5Bi), suggesting
these are predominantly medullary cells, whereas the buoyant
fraction is dominated by NR and NB-stained cells, as seen in the
cortex (Fig. 5Bii). NR and NB fluorescence could therefore be a
useful method to isolate these distinct adrenal populations.

The testes contain seminiferous tubules with spermatozoa at
different stages of development, supported by the Sertoli cells
(Griswold, 1995; De la Torre et al., 1976; Hu et al., 2010). Within
the interstitium between tubules, the Leydig cells synthesise
androgens de novo from cholesterol (Hu et al., 2010). The
seminiferous tubules exhibited a low NB signal indicating lower
levels of free fatty acids (Fig. 5Ci,ii, yellow arrow). In contrast, cells
distributed throughout the interstitium showed intense NR and NB
fluorescence (Fig. 5Ci,ii, white arrows). The size, morphology and
location all suggest that these are lipid-rich androgen-producing
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Leydig cells (Campos-Silva et al., 2015; O’Shaughnessy et al.,
2009) (Fig. 5Cii, white arrow). The dominant population in the SVF
was NR+NB+ which is consistent with the fluorescence signal
shown by the developing spermatozoa in the lumen of the tubules
(Fig. 5Di). Flow cytometric analysis of the testes BF showed a
complex mixture of cell populations each distinct in their lipid
contents (Fig. 5Dii). The majority of cells showed moderate levels
of NR and NB, but a subset showed 10-fold higher NB fluorescence
(Fig. 5Dii, NR+NB++). Additionally, Leydig cells in histological
staining showed the highest levels of NR and NB fluorescence
(Fig. 5Ci,ii, white arrows).

Muscle cells contain high levels of free fatty acids
Myocytes require fatty acids to fuel contraction (Zlobine et al., 2016).
Tile-scan confocal microscopy of sections of entire mouse hearts
have demonstrated that the cardiac tissue stained predominantly with
NB alone (Fig. 6A). Scattered NR+ lipid droplets were detected in the
left ventricle and the left and right atrium (Fig. 6Ai).
Correspondingly, both the SVF and BF showed predominantly NB
staining by flow cytometry (Fig. 6Bi,ii). Together, these data indicate
that the cardiac muscle is primarily involved in the metabolism of
unsaturated FFA rather than lipid storage. The mouse quadriceps
were striking in the variety of NR signals (Fig. 6C). All fibres showed
NB fluorescence, similar to cardiac muscle; however, NR signal
varied from fibre to fibre (Fig. 6Ci). Muscle fibres that showed higher

levels of NB fluorescence also showed NR fluorescence (Fig. 6Ci).
This segregation of cell types was evident both in the histological
staining and in the flow cytometric profiles of the cells in the SVF
(Fig. 6Di). The BF is composed largely of adipocytes. A NR++NB+

population is evident in the flow cytometric analysis of the BF
(Fig. 6Dii). We attribute this population to the intermuscular
adipocytes with the remaining NR+NB+ population representing
the intramuscular adipocytes (Fig. 6Ci,Dii). Both cardiac and skeletal
muscle are dominated by high FFA levels compared to NR-staining
lipid droplets.

Multiparametric flow cytometric analyses of the liver using
lipid content to distinguish cell types
The adult liver is a site of complex lipid metabolism. Retinol, an
autofluorescent form of vitamin A (Vit A) is stored in vacuoles in
hepatic stellate cells (HSCs) (Higashi et al., 2005). The
autofluorescence signal of retinol is distinct from NR or NB
fluorescence and hence can be included in multiparametric
analyses. The large data sets generated by multiparametric flow
cytometry can be analysed using spanning-tree progression analysis
of density-normalised events (SPADE) analyses (Qiu et al., 2011).
Vit A-containing cells were located between hepatocytes in close
proximity to sinusoidal vessels (Fig. 7A). All HSCswere stained with
either NR, NB or both dyes (Fig. 7A). NB and NR staining of the BF
of digested liver tissue revealed two populations with different NB

Fig. 2. Specificity of NB andNR fluorescence in the presence of different lipid classes. (A) Spectrofluorimetric analyses of saturated (S) and unsaturated (U)
fatty acids. Triglycerides (T), cholesterol (C) and cholesterol esters (E); phospholipids (P) and brain (B) lipids and steroids (R) were performed in the presence of
NR and NB in PBS. NR was excited at 488 nm while NB was excited at 620 nm. Emission was collected from 500 to 675 nm for NR and 640 to 800 nm for NB.
Integrated fluorescence intensity (a.u.; arbitrary units) presented as different shades of red (NR) or blue (NB). (B) Comparisons between double bond number and
carbon number of unsaturated fatty acids in the presence of NB. (Ci,ii) Comparisons between cis (white bars) and trans (shaded bars) unsaturated fatty acids in the
presence of NB. Data presented as mean±s.e.m. (n=3). Significant differences between cis- and trans-configured unsaturated fatty acids was determined using a
paired, two-tailed Student’s t-test.

4

TOOLS AND RESOURCES Journal of Cell Science (2022) 135, jcs258322. doi:10.1242/jcs.258322

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



Fig. 3. NB and NR preferentially stain oleic acid in live cells. Representative images of ESCs treated with DMSO (vehicle) (Ai) or oleic acid (Aii) and stained
with NR (magenta), NB (blue) and NucBlue (yellow) by confocal microscopy. Images were taken on a single plane. Scale bars: 20 µm. (Bi,ii) Representative flow
cytometric histogram plots of NB (Bi) and NR (Bii) mean fluorescence intensity (MFI) in undifferentiated mouse ESCs treated with DMSO (vehicle, light grey) for
saturated free fatty acids, unsaturated free fatty acids, cholesterol, cholesterol esters, triglycerides and phospholipids. Data presented as mean±s.e.m. (n=3).
Significance in NB and NR fluorescence between lipids was determined by a one-way ANOVA with Tukey’s post hoc multiple comparison test (NS, not
significant).
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fluorescence (Fig. 7Bi,ii). Cells with low NB fluorescence (NR+NB+)
had two populations (19.2% and 3%, respectively) exhibiting Vit A
fluorescence (Fig. 7Bi,ii). Conversely, cells with brighter NB staining
contained a single population (26%) of Vit A+ cells (Fig. 7Bi,ii).
To confirm that the data was suitable for exploratory factor

analysis, principal component analysis (PCA) on the data-set
was performed. The Kaiser–Meyer–Olkin measure of sampling
adequacy (0.711) and Bartlett’s test for sphericity (approx
χ2=705461; d.f.=36; P<0.001) fell within the acceptable range.
NB and Vit A showed highly significant correlations to all other
parameters, while NR was significantly correlated to all parameters
except for forward scatter (Table S4). There was a particularly
strong correlation between Vit A and NR fluorescence but not
between Vit A and NB fluorescence. Spectrofluorimetric analysis
demonstrated that NR but not NB fluoresced in the presence
of retinol when excited (λmax is ∼1200 nm at 488 nm). Retinol
alone exhibited fluorescence emission at 405 nm but not 488 nm.
The NR signal observed by flow cytometry using the 405 nm
excitation laser is therefore most likely indicative of retinol-filled
lipid droplets in HSC.
SPADE analyses segregated 16 discrete groups in liver BF cells

(Fig. 7Ci,ii; Fig. S2). A breakdown of the putative cell types for each
group can be seen in Fig. 7. NR and NB distribution varied across
the different groups (Fig. 7Ci,ii). In particular, all groups except 14,

15 and 16 exhibited NB fluorescence while only groups 1, 9, 15 and
16 exhibited NR fluorescence (Fig. 7Ci,ii). The SPADE plot for Vit
A autofluorescence revealed two distinct groups with high levels
of fluorescence (Fig. 7Ci). Group 16 only contained NR and Vit A
fluorescence suggesting differences in HSC maturation stage
(Fig. 7Ci,ii). These data demonstrate that multiple lipid classes
can be assessed by flow cytometry in live cells using commonly
available reagents and autofluorescence signals resolving the
complex distribution of lipids in cells, tissues and organs.

DISCUSSION
NB andNR have long been used as histological stains but their utility
as probes of specific lipid classes has not been extensively
characterised. Here, we demonstrate that NB is a cell-permeable,
far-red probe able to detect the presence of unsaturated FFAs with at
least 16 carbons, with the cis (Z-)configuration resulting in higher
fluorescence intensity of the dye than the trans (E-)configuration. In
contrast, NR identifies triglycerides, cholesterol and cholesteryl
esters but not FFAs. The levels of specificity of both NR and
NB allows the identification of biologically important lipids present
in mammalian cells when combined. Together with Vit A
autofluorescence, we have been able to identify characteristic traits
of mammalian cell lipid content using non-destructive, non-toxic
and relatively inexpensive reagents in a process we term intracellular

Fig. 4. Co-staining of NB and NR reveals dynamic changes in the metabolism and transportation of lipids. (A) Representative images of 20 µm
cryosections of mouse yolk sacs from embryos taken at (i) E10.5, (ii) E14.5 and (iii) E18.5, fixed with 4% PFA, stained with NR (magenta), NB (blue) and DAPI
(yellow) by confocal microscopy. A z-stack of 20 µm was compiled for each sample. Images presented are a maximum intensity projection. (B) Representative
flow cytometric plots of (i) E10.5, (ii) E14.5 and (iii) E18.5 yolk sacs stained with NR and NB. Populations were gated according to NR and NB fluorescence
intensity. Numbers inside regions indicate percentage of cells in each area. (C) Comparison of (i) NR and NB double-positive cells (NR+NB+) and (ii) NB single-
positive cells (NB+) in the yolk sacs of E10.5–E18.5 embryos (n=10 for each time point). Values presented are means±s.e.m. (n=2–5 independent experiments).
Statistical significancewas determined using a one-way ANOVAwith Tukey post-hoc multiple comparison test.P-value indicates overall significance of difference
across all groups (pairwise P-values are given in Tables S3 and S4).
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flow cytometric lipid analysis (IFCLA). In the future, IFCLA could
be readily adapted to other lipid-sensing probes such as P-IID, a
phosphatidylserine-specific sensor (Zwicker et al., 2019).
Changes in cellular lipid content during physiological changes,

such as exercise, pregnancy, stress and ageing, can now be more
readily assessed at the single-cell level using IFCLA. The FFA
demands of cardiac and skeletal myocytes can be monitored by NB
fluorescence. Likewise, the lipid contents of hepatic populations
could now be more easily investigated. Liver biopsy is commonly
used to diagnose non-alcoholic fatty liver disease, the most common
cause of abnormal hepatic function among adults (Feldstein et al.,
2005). While liver biopsies are invasive, the sample obtained could
be analysed for NB, NR and Vit A autofluorescence by flow
cytometry to determine lipid content levels at the single-cell level
with small amounts of material.
Recently, hyperspectral-stimulated Raman scattering imaging

has been combined with mass spectrometric analysis of lipids to

reveal that ovarian cancer stem cells possess significantly
higher levels of unsaturated lipids compared to the non-cancer
stem cell population (Li et al., 2017). Similar studies could now
be performed by flow cytometry using lipophilic probes.
Populations of interest could be FACS-purified according to lipid
content for cell culture, gene, protein or further lipid analysis. Flow
cytometric analysis with NB and NR could potentially be used to
accelerate the speed of diagnosis of diseases related to lipid
dysmetabolism, such as leukodystrophies including Zellweger
syndrome, a peroxisome biogenesis disorder (Klouwer et al.,
2015), or Niemann–Pick disease where sphingomyelin or
cholesterol are not appropriately metabolised (Peake and Vance,
2010). The IFCLA method that we present here, using
comparatively inexpensive probes, endogenous autofluorescence
and antibody staining, could help develop the field of flow
cytometric lipidomics and potentially assist with improving
diagnostic systems.

Fig. 5. NB and NR double-staining identifies discrete populations in the mouse adrenal gland and testis. Representative images of 20 µm cryosections of
mouse (A) adrenal gland and (C) testis, fixed with 4% PFA, stained with NR (magenta), NB (blue), phalloidin (adrenal only) (grey) and DAPI (yellow) by confocal
microscopy. A z-stack of 20 µm was compiled for each sample. Magnified regions (white dotted box) of mouse (Aii) adrenal gland and (Cii) testis presented. ZG,
zona glomerulosa; ZF, zona fasciculata; ZR, zona reticularis, XZ, z-zone; M, medulla. White arrows in Cii represent Leydig cells. Yellow arrow highlights the
seminiferous tubule. Single-cell suspensions of mouse (B) the adrenal gland and (D) testis were generated using the method previously published (Boumelhem
et al., 2017). Cells of the stromal vascular fraction (SVF; Ci,Di) and buoyant fraction (BF; Cii,Dii) were stained with NR and NB and fluorescence observed. Gates
were applied according to fluorescence intensity: NR positive (NR+), NB positive (NB+), NR high (NR++) or NB high (NB++). For each cell fraction, at least 105 cells
were collected. Numbers inside regions indicate percentage of cells in each area.
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MATERIALS AND METHODS
Preparation of free fatty acids and lipophilic dyes
FFAs were reconstituted in nitrogen-purged DMSO to a stock concentration
of 100 mmol.l−1. NR (N3013, Sigma-Aldrich) was dissolved in DMSO to a
stock concentration of 30 mmol.l−1. NB (N0766, Sigma-Aldrich) was
dissolved in MilliQ® water to a stock concentration of 10 mmol.l−1.

Spectrofluorometric analyses of NR and NB in the presence of
free fatty acids
NR and NB were reconstituted in PBS to a final concentration of
300 nmol.l−1 and 1 µmol.l−1, respectively. Lipids were pipetted into a 96-
well plate to a final concentration of 100 µmol.l−1. PBS containing NR or
NB was then repeatedly pipetted to mix the solution. The plate was inserted
into a plate reader (EnSpire, Perkin Elmer) and shaken for 180 s at 60 rpm.
NR fluorescence was collected from 510–660 nm (l_ex=488 nm, 5 nm step
size) and NB fluorescence was collected from 620–800 nm (l_ex=600 nm,
5 nm step size). Data was collected and exported with EnSpire Workstation
software and analysed using Graphpad Prism v7.0.

Cell culture of mouse ESCs
Wild-type, undifferentiated mouse embryonic stem cells (ESCs) (129SV/J,
Kuo et al., 2001) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM
GlutamaxTM, 1 mM sodium pyruvate, 10,000 U.ml−1 penicillin,
10 mg.ml−1, streptomycin and 150 µM of 1-thioglycerol. Leukaemia
inhibitory factor was added at a concentration of 100 U.ml−1 to inhibit
spontaneous mouse ESC differentiation. ESCs were validated by assessing
Oct3/4 and Nanog gene expression by qRT-PCR. Germ layer potential was
assessed routinely to validate the pluripotent nature of the ESC line.
Mycoplasma contamination was also assessed routinely and cells have never
tested positive.

Confocal imaging of ESCs
Lipid-treated mouse ESCs were washed twice with PBS and then stained
with 300 nmol.l−1 of NR, 1 µmol.l−1 of NB and 0.5 ml of NucBlue (R37605
ThermoFisher Scientific) for 15 min at room temperature. Mouse ESCs
were then washed twice with PBS and a cover glass was mounted using

Fig. 6. NB and NR co-staining highlights the distribution of lipids in mouse cardiac and skeletal muscle. Representative images of 20 µm cryosections of
mouse (A) heart tissue and (C) skeletal muscle (quadricep) were stained with NR (magenta), NB (blue) and DAPI (yellow) by confocal microscopy. A tile-scan of
1220 images were generated on a single plane for heart tissue. (Ai) Magnified regions (dotted white boxes) of different areas of the mouse heart. RV/RA, right
ventricle/atrium; LA, left atrium; LV, left ventricle; MC, myocardium. (Ci) Magnified regions (dotted white box) of skeletal muscle. Arrows indicate different staining
patterns of NB in skeletal muscle. Asterisks (* and **) representative of inter- and intramuscular adipocytes, respectively. A z-stack of 20 µm was compiled for
skeletal muscle and image projected is at maximum intensity. (B,D) Single-cell suspensions of (B) heart tissue and (D) skeletal muscle were generated using the
method previously published (Boumelhem et al., 2017). Cells of the stromal vascular fraction (SVF) and buoyant fraction (BF) were stained with NR and NB and
fluorescence observed. Two distinct populations (Type A and Type B) were distinguished by lipid contents in skeletal muscle. Gates were applied according to
fluorescence intensity: NR positive (NR+), NB positive (NB+), NR high (NR++) or NB high (NB++). Putative identity for the most frequent cell type is included. For
each cell preparation, at least 105 cells were collected. Numbers inside regions indicate percentage of cells in each area.
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VectaShield mounting medium without DAPI (H-1000, Vector
Laboratories). The cover glass was sealed using nail polish. Confocal
images of lipid-treated mouse ESCs were taken on a Leica SPEII equipped
with four solid-state lasers (405 nm, 488 nm, 532 nm and 625 nm). NR was
excited using the 488 nm laser and NB was excited using the 625 nm laser.
NucBlue was excited using the 405 nm laser. Images were taken on a single
plane using an oil-immersed Leica ACS Apochromat 40× objective coupled
to the Leica Application Suite – Advanced Fluorescence Software.

Flow cytometry of mouse ESCs
Lipid-treated mouse ESCs were washed twice with PBS followed by addition
of 1 ml cell dissociation buffer (Thermo Fisher Scientific). Mouse ESCs were
then incubated at 37°C for 10 min. An equal volume of PBS with 0.5% (w/v)
BSA (FACS buffer) was added to inactivate the cell dissociation buffer. ESCs
were centrifuged for 5 min at 250 g, supernatant was removed and cells re-
suspended in 1 ml of FACS buffer. Single-cell suspensions of mouse ESCs

were stained with 300 nmol.l−1 NR and 1 µmol.l−1 NB for 15 min. Stained
cells were washed with 1 ml of FACS buffer, centrifuged for 5 min at 250 g
and resuspended with FACS buffer containing 0.1% (v/v) propidium iodide
and transferred into round bottom FACS tubes. Multi-parametric flow
cytometry was performed on a Gallios flow cytometer (Beckman Coulter,
Brea, CA, USA) and data collected using the Kaluza G software package.
FlowJo V10.1 was used to perform analyses of flow cytometric data.

Mice
Young (8–10 weeks) adult, wild-type, outbred Quackenbush Swiss mice
(Animal Resource Centre, Perth,Western Australia) were housed in filter top
cages. Mice were kept under a 12-h day–12-h night cycle at constant
temperature (21–22°C) and provided food and water ad libitum. The welfare
of the animals in the housing area and experiments conducted were in
accordance with the Australian Code of Practice for the use of animals in
research. All animal experimentation work was performed following

Fig. 7. Multiparametric analyses reveals differences in the distribution of lipids in themouse liver. (A) Representative image of 20 µm cryosection of mouse
liver with NR (magenta), NB (blue), vitamin A autofluorescence (yellow) and phalloidin (white) by confocal microscopy. NR and phalloidin were excited at 488 nm;
NB was excited at 620 nm and Vitamin A was excited at 408 nm. A z-stack of 20 µm was compiled and image projected is at maximum intensity. White arrows
represent hepatic stellate cells. (B) Single-cell suspensions of mouse liver were generated using themethod previously published (Boumelhem et al., 2017). Cells
of the BF were stained with NR and NB and fluorescence observed. Gates were applied according to NR and NB fluorescence intensity and Vitamin A
autofluorescence measured in each population. Light purple gated population represents NR-positive, NB-positive cells (NR+NB+) while the dark purple gated
population represents the NR-positive, NB high cells (NR+NB++). Grey histogram peak is representative of the vitamin A-negative population. Numbers inside
regions indicate percentage of cells in each area. (Ci) Multiparametric, ‘spanning-tree progression analysis of density-normalised events’ (SPADE) (Qiu et al.,
2011) analyses on the BF of dissociated hepatic tissue. Each node represents a cluster of cells. Blue coloured nodes indicate low levels of fluorescence for that
marker while red indicates high levels of fluorescence. Clusters of nodes were grouped together according to differences in fluorescence intensity. Vitamin A
autofluorescence was measured in the entire BF of dissociated hepatic tissue and gates applied according to fluorescence intensity. (Cii) Representative groups
(G1–16) of the BF according to fluorescence intensity of each parameter and putative cell identity based on fluorescent signals. (Cii) Gated populations in the
histogram plot are representative of groups 1–4 and group 16 of the SPADE plot.
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approval by the Animal Ethics Committee, University of Sydney. Female
mice between 8 and 12 weeks of agewere placed with a stud male overnight.
The following morning, the females were examined for a vaginal plug.
Pregnant females with an observable vaginal plug were classed as 0.5 days
pregnant. Pregnant mice were euthanised by cervical dislocation at
developmental time points between embryonic day E8.5–E18.5.

Generation of single cell suspensions from primary tissue
Mice were killed by cervical dislocation according to University of Sydney
Animal Ethics Committee approval. Dissection and dissociation of brown
and white gonadal adipose tissue for flow cytometric was performed as
outlined previously (Boumelhem et al., 2017). Brown adipose tissue was
dissected from the interscapular region of the mouse while white adipose
tissue was excised from the gonadal adipose depot. Skeletal muscle tissue
(biceps femoris) was dissected from the quadriceps by bilateral incision.
Liver, cardiac tissue, the adrenal gland and the testis were also excised for
this study. Single-cell suspensions of primary tissues were generated by
mincing the tissues into fine pieces (∼1–3 mm3) in FACS buffer containing
0.1% (w/v) collagenase type II (Worthington) for 1 h at 37°C with vigorous
shaking every 15 min. Digested tissue was further dispersed with repeated
pipetting followed by filtration through a 350 µm polystyrene mesh. An
equal volume of FACS buffer was added to the filtered single-cell
suspension to inactivate the collagenase and then centrifuged for 5 min at
500 g. Centrifugation pellets were considered as the stromal vascular
fraction (SVF) while the buoyant fraction containing adipocytes and lipid-
containing cells floats at the surface of the suspension.

Flow cytometric analyses of primary tissue
The buoyant fraction for each tissue was transferred to a separate 15 ml
Corning tube while the SVF was resuspended in 1 ml of FACS buffer prior
to staining. The SVF and buoyant fraction of each tissue was stained with
FACS buffer containing 300 nmol.l−1 of NR and 2 µmol.l−1 of NB for
15 min on ice. For antibody staining of single-cell suspensions, both the
buoyant fraction and SVF were stained with the antibodies outlined in
Table S5 at a final concentration of 0.5 µg per 1×106 cells for 1 h on ice
(Table S5). The unbound antibodies were washed with 1 ml of FACS buffer,
centrifuged for 5 minutes at 250 g and supernatant discarded. The cell pellet
was resuspended in FACS buffer and transferred to a round bottom tube
prior to FACS analysis. Multi-parametric flow cytometry was performed on
a Gallios flow cytometer (Beckman Coulter, Brea, CA, USA) and data
collected using the Kaluza G software package. FlowJo V10.1 was used to
perform analyses of flow cytometric data. Two-tailed correlation analysis of
the gated dataset was carried out in SPSS Statistics version 25 (IBM).
Dimension reduction was performed using principal component analysis
(PCA). Spanning-tree progression analysis of density-normalised events
(SPADE) was used to generate and group clusters of cells according to
fluorescent antibody and probe staining properties (http://pengqiu.gatech.
edu/software/SPADE/27).

Cryosectioning of primary tissues
All tissues assayed were placed in cryomolds (Tissue-Tek, The Netherlands),
covered in optimal cutting temperature freezing medium (ProSciTech,
Australia), placed in liquid nitrogen to snap freeze and stored at −80°C until
needed. Frozen tissues were sectioned with a Leica CM1510S cryostat set at
−15°C or −25°C for adipose tissue. All tissues were sectioned at 20 µm
before being placed on a Superfrost glass slide (Menzel-Glaser, Germany).

Confocal imaging of NR- and NB-stained tissue
Tissue sections were fixed in 4% (v/v) PFA (in PBS) for 10–20 min at room
temperature. Slides were then washed three times in PBS for 5 min each.
Slides were stained with 300 nmol.l−1 NR and 10 µmol.l−1 NB in a
humidified chamber for 10 min. Slides were then washed twice with PBS
for 5 min each and mounted in Vectashield-containing DAPI (Vector
Laboratories, USA). High resolution images were taken using a Zeiss LSM
800 confocal microscope coupled with the Zen Blue software package. Nile
Red, Nile Blue and DAPI were excited using the 488 nm, 625 nm and 405
nm lasers respectively. To detect and image Vitamin A fluorescence in

sections of liver tissue, VectaShield mounting medium without DAPI was
used as DAPI is excited at the same wavelength as Vit A (405 nm).

Statistical analyses
All data presented as mean±s.e.m. Statistical analyses were performed using
GraphPad Prism®. Comparisons between NR and NB fluorescence in the
presence of lipids was determined by a two-tailed paired Student’s t-test.
Differences in NR and NB fluorescence in the yolk sac at different stages of
development were determined by one-way ANOVAwith a Tukey post-hoc
multiple comparison test.
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