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One-Cell Analysis as a Technique for True Single-Cell Analysis of
Organelles in Breast Tumor and Adjacent Normal Tissue to Profile
Fatty Acid Composition of Triglyceride Species
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Abstract: Breast cancer develops in an adipose rich environment of normal adipocytes that are known to aid in tumor
progression through an unknown method of lipid transfer from normal cells to tumor cells. Much research is built around
lipid analysis of breast tumor and adjacent normal tissues to identify variations in the lipidome to gain an understanding
of the role lipids play in progressing cancer. ldeally, single-cell analysis methods coupled to mass spectrometry that
retain spatial information are best suited for this endeavor. However, many single-cell analysis methods are not capable
of subcellular analysis of intact lipids while maintaining spatial information. One-Cell analysis is a true single-cell
technique with the precision to extract single organelles from intact tissues while not interfering or disrupting adjacent
cells. This method is used to extract and analyze single organelles from individual cells using hanomanipulation coupled
to nanoelectrospray ionization mass spectrometry. Presented here is a demonstration of the analysis of single lipid
bodies from two different sets of breast tumor and normal adjacent tissues to elucidate the fatty acid composition of
triglycerides using One-Cell analysis coupled to tandem mass spectrometry. As a result, thirteen fatty acid species
unique to the tumor tissues were identified, five in one set of tissues and eight in the other set.
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1. INTRODUCTION

Breast cancer is the most commonly diagnosed site
specific cancer and the second leading cancer-related
cause of death in women [1]. Breast tumors reside in
an environment favorable for progression. The
microenvironment of breast tumors is comprised of
vasculature, connective tissue, and adipocytes, which
store triglycerides (TG) in an organelle called a lipid
body. Adipocytes have been shown to play an
important tumor-supporting role by providing tumor
cells with a supply of fatty acids released through
lipolysis during tumor progression [2-5]. Once these
adipocytes begin to undergo lipolysis their lipid body
releases its stores, and the cell undergoes a
phenotypic change in which it decreases in size and
takes on a fibroblast like nature at which time they are
then termed cancer-associated adipocytes (CAA) [2].
Furthermore, Chajes et al. identified that the lipid
composition of the breast adipose tissue is different
from other adipose sites in the body [6]. Much research
has been focused on changes in serum lipid profiles as
an indicator of the onset of breast cancer [7-12], but
this type of analysis does not provide information about
the ever-changing tumor microenvironment that is
needed to understand localized tumor progression.

Current tissue lipid analysis methods often involve
chemical or mechanical lysis of multiple cells followed
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by multi-step extractions to isolate lipid species from
other cellular components. These methods result in
lipid profile data that is averaged across multiple cells
or even cell types in the case of complex intact tissues.
This averaging of data can overshadow cellular lipid
heterogeneity as it pertains to normal cellular
development [13] or diseased induced alterations, such
as de novo lipogenesis that has been detected early in
tumor development [14]. However, with the advent of
CAA tumor support, emphasis should be placed on the
analysis of cellular lipid heterogeneity within the lipid
bodies of the localized cells of the breast tumor and
adjacent normal tissues that comprise the complex
breast tumor microenvironment. Ultimately, there is a
great need for true single-cell analysis that retains
spatial localization within tumor tissues to discover lipid
biomarkers of emerging disease for early detection,
and gain an understanding of cellular processes at the
onset of tumor development.

High-throughput single-cell analysis techniques
have been developed utilizing capillary electrophoresis,
flow cytometry, microfluidics [15-17] and printed
microarrays [18]. However, spatial information is lost as
these methods separate groups of cells from culture or
tissues down to single cells. Raman is a non-
destructive technique capable of single-cell lipid
analysis using ratios of single bonded carbons versus
double bonded carbons to identify the degree of
saturation of fatty acyl chains present in a cell, but not
the lipids themselves [19]. Matrix assisted laser
desorption/ionization mass spectrometry (MALDI MS)
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is routinely used for the imaging of lipids of intact
tissues with the capability of single-cell spatial
resolution, but is still disadvantaged by the lengthy
sample preparation times and the use of matrix that
may alter or disburse cellular chemistry across a
sample during application [15, 20]. Utilizing a focused
ion beam, secondary ion mass spectrometry (SIMS)
achieves subcellular resolution but causes excessive
fragmentation resulting in loss of parent lipid
identification and makes interpretation of spectra
difficult [15, 16]. Furthermore, SIMS also requires an
involved sample preparation method to remove the
cellular membrane to analyze intracellular metabolites
[21]. Lastly, Single-probe mass spectrometry has been
developed to analyze single-cells with an achieved
spatial resolution of roughly 8um, but with a probe size
of 6um ultimately lacks the ability to analyze subcellular
structures and has been described as targeting only
cytoplasmic metabolites [22, 23]. Furthermore, the
targeting precision of the technique is limited by the
X,Y,Z stage’s translational movement 0.1um [22].

One-Cell analysis is a method developed by our
group as a solution to the problem of lost spatial
information during single-cell analysis capable of
elucidating subcellular structures and their unique
heterogeneities [13, 24-27]. The One-Cell technique
encompasses nanomanipulatation for the extraction of
targeted subcellular components coupled to nano-
electrospray ionization mass spectrometry (NSI-MS) for
lipid analysis. One-Cell analysis is capable of individual
whole cell extraction as well the targeted extraction of
individual organelles. Using a modified
nanomanipulator, One-Cell analysis is capable of
subcellular spatial resolution with a step size of 100 nm
in coarse mode and 10 nm in fine mode. The
nanomanipulator is equipped with multiple positioners
to perform nanoextraction using quartz rods, micro-
pipettes, and metal coated nano-spray capillary
emitters. The positioners can also be fitted with end
effectors to perform micro gripping and low impedance
electrical characterizations. Extraction solvents can be
tuned for the optimal extraction of specific analytes
removing the need for additional sample cleanup. Cell
cultures and tissues remain viable after analysis
because extractions are performed in ambient
laboratory conditions under a microscope and allowing
for adjacent cells to remain unaffected so that they may
undergo further analysis at a later time. Once a cell or
organelle is extracted into a capillary, the analyte-
containing capillary is then transferred to a nano-
electrospray ionization source and analyzed by tandem

mass spectrometry. Peaks of interest are selected for
further analysis and fragmented. Based on the
resulting fragmented peaks along with the calculation
of neutral losses, structural information of the peak can
be identified. However, this technique is limited in its
throughput as each extraction and analysis requires
roughly 10 minutes to perform. Furthermore, due to the
small extraction volume of 10uL, mass spectrometry
analysis time is limited to two minutes. In lieu of this
short analysis window, automated instrument methods
have been developed to perform complete analysis of
the analytes of interest. Phelps et al. provides a
complete description of the apparatus and method in
detail [26].

Previously this technique has been used to identify
the organellar heterogeneity of TG from individual lipid
bodies extracted from neighboring cells within plant
seeds [24, 25], mammalian cell culture [13, 26, 27] and
human breast cancer tissue from a single donor [26].
Phelps et al., through the use of One-Cell, identified a
decrease in the 54-acyl carbon TG species of
adipocytes extracted from the tumorous breast tissue
compared to extracted adipocytes from adjacent
normal tissue of that same patient. Interestingly, Guo et
al. identified an increase in the free fatty acid (FFA)
species 18:1 in cancerous breast tissue compared to
normal tissue [28], and therefore, we hypothesize that
the tumorous cells may be consuming 18:1 FA species
rather than continuing to store the FA as a fatty acyl
constituent of TG species in their respective lipid
bodies as a cause for this change in TG distribution.
The work presented here demonstrates the use of
One-Cell analysis coupled to tandem MS for the
determination of the fatty acid composition of TG in
normal and diseased breast tissue lipid bodies to
determine if the relative decrease of TG species is a
result of altered fatty acid composition due to tumor
progression.

2. MATERIALS

Solvents for extraction include Chromosolv® Plus for
HPLC chloroform (Sigma Aldrich, St. Louis, MO), 98%
ammonium acetate (NH;OAc) (Sigma Aldrich, St.
Louis, MO), and Optima LC/MS methanol (Fisher
Scientific, Fairlawn, NJ).

Snap-frozen infiltrative ductal carcinoma tumor and
normal adjacent breast tissues from two female donors
were purchased from Cureline Inc. (Cureline, West San
Francisco, CA). These tissues were cut into slices with
a thickness of 80 ym using a CM 1850 cryomicrotome
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(Leica Microsystems, Buffalo Grove, IL) and placed on
glass coverslips for extraction.

3. METHODS

3.1. Extraction

One-cell analysis extractions were performed using
a nanomanipulator equipped with two probers (DCG
Systems Inc., Fremont, CA) mounted to an AZ100
microscope (Nikon, Melville, NJ). One prober was fitted
with a quartz rod pulled using a P-2000 CO,-laser
micropipette puller (Sutter Instruments, Novato, CA) to
~ 8um. The second prober was fitted with a 1um
(x0.2um) tip diameter Pd/Au-coated Econo12
PicoTip™ Emitter (New Objective, Woburn, MA)
backfiled with 10 pL of extraction solvent, 1:1
MeOH:CHCI; plus 0.1% NH4OAc. Individual adipocytes
were optically identified using the microscope, Figure 1,
and then extracted following the procedure described in
detail by Phelps et al. [26]. After extraction the emitters
were then transferred to a nano-electrospray source
(Proxeon Biosystems, Odense, Denmark) for nano-
electrospray ionization mass spectrometry analysis on
a Thermo LTQ XL mass spectrometer (Thermo, San
Jose, CA).

3.2. Mass Spectrometry Conditions

Triglyceride profiling experiments were analyzed in
positive mode with a spray voltage of 1.8kV, a capillary

inlet temperature of 225°C, with a mass range of m/z
700-1000. Fatty acid (FA) composition determination
experiments were analyzed in positive mode with a
spray voltage of 1.8kV, an inlet temperature of 225°C,
a mass selection window of 1 Da, and a collision
induced dissociation (CID) energy of 40%. FA
determination mass spectra were collected through
CID scans of the isolated peaks with masses
corresponding to the 52:4, 52:3, 52:2, 52:1, 54:5, 54:4,
54:3, and 54:2 ammoniated TG species, respectively.
FA species were identified as neutral losses due to the
fragmentation of the TG ions, [M+NH,4]", resulting in the
diacylglycerol (DG) ion, [M+NH,;-(RCOOH+NH;]" as
described by McAnoy et al. [29].

3.3 Data Analysis

3.1.1. TG Profile

Mass spectra data files were imported and plotted
using the PSI-Plot software suite (Poly Software
International, Pearl River, NY). The area under the
curve was calculated for the individual areas for each
of the regions corresponding to the 48-, 50-, 52-, 54,
and 56-acyl carbon TG species using the <Calculate
Area> function of the software suite. Finally, the ratio of
the individual peaks to the total peak area were
calculated and graphed to identify alterations in the TG
profile as a function of the health state of the tissues.

Figure 1: Bright field image of the nano-extraction of a single adipocyte from A) healthy breast tissue showing the emitter
capillary tip (b) after entering the adipocyte (a); and B) cancerous tissue also showing the emitter tip (a) entering the adipocyte

(b) surrounded by cancerous cells (c).
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3.3.2. Fatty Acid Composition

The spectra for the CID scans corresponding to the
masses of the 52:4, 52:3, 52:2, 52:1, 54:5, 54:4, 54:3,
and 54:2 TG species were also imported and plotted
using the PSI-plot software suite. The areas for all DG
ion peaks were calculated. For each CID spectrum DG
peak areas were then converted to relative abundance
by dividing each individual DG ion peak area by the
summed area of all DG ion peaks within the same CID
spectrum.

4. RESULTS

One-cell analysis was performed on adjacent
normal and tumor breast tissues from two female
donors, each with infiltrative ductal carcinoma. Analysis
consisted of nanomanipulation guided subcellular
extraction of lipid droplets (LD) from a single adipocyte
within a tissue sample. Analysis was performed in
replicates of five to show reproducibility and that
variations in signal were caused by sample
heterogeneity and not by normal instrument variance.

4.1. Triglyceride Profiling

As ilustrated in Figure 2, the relative abundance
averages of the TG peak areas of the normal
extractions from the first tissue set were found to be
42.34%, 30.42%, 12.18%, 6.56%, and 5.33%;
corresponding to the 52-, 54-, 56-, and 48-acyl carbon
TG species. While the diseased tissue extractions
relative abundance averages were 43.54%, 26.94%,
16.60%, 8.35%, and 4.56%; representing the 52-, 54-,
50-, 48, and 56-acyl carbon TG species. Within the
second tissue set, the extractions from the normal
tissue produced relative abundance averages of

42.81%, 26.43%, 16.51%, 7.81%, and 6.44%;
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corresponding to the 52-, 54-, 50-, 56-, and 48-acyl
carbon TG species. Lastly, the diseased tissue
extractions had relative abundance averages of
42.71%, 20.05%, 15.67%, 5.84%, 4.35%, 1.67%, and
1.05%; corresponding to the 52-, 54-, 50-, 48-, and 56-
acyl carbon species, respectively.

The ratio of the average relative abundance of the
52:54-acyl carbon TG species was calculated for all
tissue extracts. The normal and diseased ratios were
then compared for each tissue set. Ultimately, relative
to the normal tissues there was a decrease of 9.98%
and 14.98% in the abundance of the 54-acyl carbon
species found in the diseased tissues of both tissue set
1 and 2, respectively. This decrease in the 54-acyl
carbon species prompted further analysis of the tissues
to determine if this change could be a result of disease
related alterations in the fatty acyl constituents of the
aforementioned TG species.

4.2. Fatty Acid Composition

Based on the results of the TG profiling data the
largest change between the two health states of each
tissue set was the decrease in the 54-acyl carbon TG
species. To determine if this phenomenon was based
on a change in fatty acid composition, a tandem
MS/MS experiment was set up. The experiment was
conducted in the same manor as the TG profiling
experiment, with added CID analysis of the four most
abundant individual TG species in each of the 52- and
54-acyl TG ranges.

Within the first set of tissues six FA species (16:0,
16:1, 18:0, 18:1, 18:2, and 20:1) were found to be
present in all of the normal and diseased cells
extracted from the first tissue set. These six fatty acids
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Figure 2: Abundance of specific triglyceride (TG) species as a ratio of individual species peak area relative to the total TG area
of A) tissue set 1 and B) tissue set 2, with standard deviation as the error bars.
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Table 1: Relative Fatty Acid Composition of Cells Extracted from Tissue Set #1, Cells with a Gray Fill Indicate those

Specific to all Tumor Cells Extracted

FA Tumor Avg. Relative Tumor_ _ H_ealthy Avg. Healthy_ _
Abundance Average Deviation Relative Abundance Average Deviation
16:0 1.04% 1.07% 0.00% 0.00%
16:1 2.05% 0.75% 1.84% 0.72%
17:1 0.14% 0.09% 0.00% 0.00%
18:0 11.18% 1.59% 11.29% 1.60%
18:1 47.70% 2.27% 48.74% 2.56%
18:2 16.68% 1.79% 17.03% 1.75%
18:3 0.88% 0.29% 0.00% 0.00%
20:0 0.14% 0.13% 0.00% 0.00%
20:1 0.56% 0.21% 0.58% 0.22%
20:2 0.30% 0.16% 0.00% 0.00%
20:3 0.17% 0.17% 0.00% 0.00%

account for 100% of the total FA composition of the
normal extracted cells and 98.36% in the diseased
cells. The remaining 1.64% in the diseased cells was
made up of five FA that were unique to all extracted
diseased tissue cells, 17:1, 18:3, 20:0, 20:2, and 20:3,
Table 1.

Within the second tissue set, four FA species (16:0,
18:0, 18:1, and 18:2) were present in all of the normal
and diseased cells extracted, and accounted for

98.24% and 88.64% of the total FA compositions,
respectively. The remaining 1.76% of the normal FA
composition is made up of 16:1 species, a FA that is
absent from the diseased tissue cells extracted.
Meanwhile, the remaining 11.36% is comprised of eight
FA species (12:0, 17:1, 20:1, 20:2, 20:4, 22:3, 23:0,
26:0) present in all of the diseased tissue cells
extracted and not in any of the normal tissue cells
extracted, Table 2.

Table 2: Relative Fatty Acid Composition of Cells Extracted from Tissue Set #2, Cells with a Gray Fill Indicate those

Specific to all Tumor Cells Extracted

FA Tumor Avg. Relative Tumor_ _ H_ealthy Avg. Healthy_ _
Abundance Average Deviation Relative Abundance Average Deviation
12:0 1.04% 1.07% 0.00% 0.00%
16:0 16.47% 3.85% 20.30% 0.83%
16:1 0.00% 0.00% 1.76% 0.38%
17:2 1.96% 1.37% 0.00% 0.00%
18:0 9.72% 2.23% 10.98% 1.08%
18:1 49.96% 2.16% 47.23% 1.14%
18:2 12.49% 2.55% 19.73% 0.92%
20:1 2.72% 2.05% 0.00% 0.00%
20:2 0.99% 0.95% 0.00% 0.00%
20:4 1.27% 0.86% 0.00% 0.00%
22:3 1.19% 1.28% 0.00% 0.00%
23:.0 1.24% 1.40% 0.00% 0.00%
26:0 0.94% 0.89% 0.00% 0.00%
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5. DISCUSSION

During times of cellular proliferation all cells are
known to undergo metabolic variation but normal cells
are capable of retaining metabolic regulation, while
tumor cells lose metabolic regulation due to mutations
in their signaling pathways [30]. It is the loss of
regulation that leads to aberrant metabolite production
making metabolites, such as lipids, ideal biomarkers for
disease detection.

Hilvo et al. conducted a total lipid profiling study
using whole tissue extracts to compare changes in
tumor and normal breast lipids in which only a few
tumor samples were found to have a decrease in TG
species relative to their normal tissue counterparts [31].
While we do not see a complete decrease in TG, our
findings do show a decrease in the relative abundance
54-acyl carbon TG of extracted diseased cells relative
to the normal cells, which is consistent with the
previous findings of Phelps et al. [26].

We originally hypothesized that the change in 54-
acyl TG species abundance would be due to a cancer
related consumption of 18:1 FA species. Rather
unexpectedly, a set of unique FA species specific to
the disease tissue cells were identified, and the 18:1
FA species remained the most abundant FA species in
all cells extracted. Furthermore, there was no
significant change in the degree of saturation of FA
present in the TG species of the normal and diseased
tissue cells, however, in a recent study by Guo et al.
cancerous breast tissue was found to contain an
increased abundance of monounsatured FFA and a
decrease in polyunsaturated FFA species [28]. In a
recent total FA analysis of similar tissues, Azordegan et
al. extracted lipids from whole tissues representing
breast tumor, interface, and adjacent normal tissues to
find increases in 18:0 FA species in breast tumors, and
decreased abundance of 18:1, 18:2, and 18:3 in the
tumor tissues [32]. Whereas in this study, no significant
difference in the abundance of 18:0 was found among
the tissue types while we saw no significant change in
18:1 and 18:2 species among the two tissues. The FA
species 18:3 was only identified in the tumor cells
extracted from tissue set one in our study and were not
found in any of the other tissue cells extracted.

Of the thirteen unique FA species associated only
with the cells extracted from disease tissue (tissue set
1:[17:1, 18:3, 20:0, 20:2, 20:3] and tissue set 2: [12:0,
17:2, 20:1, 20:2, 20:4, 22:3, 23:0, 26:0]) only one, 20:2,
is found in both tissue sets. The 18:3 FA species was
reported to be found only in breast cancer tissues

during a whole tissue extraction comparison of liver,
pancreas, and breast cancer tissues to their normal
counterparts [33]. The FA species 20:4, may be
arachidonic acid depending on the location of its
double bonds, however, this was not determined and
therefore no claim to its incidence in these cancer
tissues can be made. The presence of odd chain fatty
acids, 17:1 and 17:2, may be due to an increased
peroxidation of lipids in breast cancer patients as
reported by Gupta et al., [34] possibly through alpha
oxidation [35]. The remaining FA species (20:0, 20:2,
20:3, 12:0, 20:1, 22:3, 23:0, and 26:0) have all been
associated with serum fatty acids in previous cancer
related studies [12, 36] and may in fact be related to
individual diets of the individuals associated with the
tissues samples analyzed. While the importance of
these disease specific fatty acid species is currently
unknown, their identifications as fatty acyl constituents
of stored triglycerides within the lipid bodies of breast
tumor cells would not be known without the use of One-
Cell analysis.

6. CONCLUSION

Due to the complexity of the breast tumor
microenvironment, One-cell analysis is an ideal method
to extract and analyze the lipids of individual cells and
targeted organelles within the breast tumor
microenvironment to identify lipids specific to tumor
progression. While other methods such as, time-of-
flight secondary ion mass spectrometry (ToF-SIMS)
and probe electrospray ionization mass spectrometry
(PESI-MS) are capable of identifying tumor cells from
normal cells in a mixture [21] and determining tumor
borders in live mice [37, 38], respectively, neither is
capable of elucidating organelle specific lipids.
Furthermore, the use of One-Cell analysis leaves un-
extracted cells intact for future analysis in tissues, or
future biochemical analysis within in culture. The
current application was tuned for the extraction of
triglycerides, but simply changing the extraction solvent
and mass spectrometer settings will allow for the
analysis of any metabolite of interest.

Future work would ideally be focused on the
analysis of more tumor tissues to create a larger data
set to discover a breast cancer lipid biomarker present
in all breast tumors. One-Cell analysis also needs to be
expanded to other lipid classes and metabolites.
Ultimately, One-Cell analysis is an ideal technique for
the detection of tumor cells during on-site analysis of
minimally invasive needle biopsies at the time of
collection.
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Much work has gone into identifying the pathways
involved in obesity related cancer progression such as
those relating to adipokines, estrogen, insulin, and pro-
inflammatory cytokines [39]. Obesity is often
considered to be a state of chronic inflammation that
elicits an immune response that is known to create a
local environment that is beneficial for the proliferation
of adipocytes [40]. However, this increase in
proliferation often leaves many cells in the immature
preadipocyte form. These preadipocytes are
responsible for an increased secretion of pro-
inflammatory cytokines, some of which are responsible
for the recruitment of immune cells and the promotion
of angiogenesis [40]. Many forms of cancer thrive in the
presence of adipose tissue [41, 42] and the ability to
analyze tumor microenvironments one cell at a time
could provide an insight as to how the aforementioned
pathways and secreted cytokines affect cells at the
forefront of a progressing tumor. The use of One-cell
analysis to gather information pertaining to the
intracellular changes resulting from obesity related-
cancer pathways would be an integral part in the
development of multidisciplinary research teams
focused on elucidating the mechanism(s) of obesity-
related cancer progression to identify new therapeutic
targets and develop personalized treatment plans.
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