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Abstract

Over the past few decades, several approaches have been used to image lipids in cells and tissues, 

but most have limited spatial resolution and sensitivity. Here, we discuss a relatively new 

approach, NanoSIMS imaging, that makes it possible to visualize lipids in cells and tissues in a 

quantitative fashion and with high spatial resolution and high sensitivity.

High-resolution imaging of lipids in cells and tissues has been challenging [1]. Fluorescently 

tagged lipids, for example BODIPY-labeled lipids [2], have been widely used to image lipids 

in live cells and have proven to be very useful [3,4]. However, with this approach, there are 

often concerns about the biochemical properties of the tagged lipids (i.e., that the tissue 

localization and/or metabolism of the tagged lipids differ from unmodified lipids). For this 

reason, label-free imaging of lipids would be preferable—at least for certain applications. 

Recent studies have utilized two approaches for imaging label-free lipids: Raman 

spectroscopy [5,6] and Secondary Ion Mass Spectrometry (SIMS) [7]. The sensitivity of 

Raman spectroscopy has improved in recent years, making it possible to obtain high-

resolution images of lipid bilayers [8] and to detect certain covalent modifications of lipids 

[9]. However, the ability of Raman spectroscopy to identify lipids unambiguously is limited. 

SIMS, particularly time-of-flight SIMS (ToF-SIMS), generates fragmented secondary ions 

that can be used to visualize lipids in tissues [10], but the spatial resolution and sensitivity of 

this approach is rather limited, such that it cannot be used to image lipids within subcellular 

structures.

To improve the specificity of Raman spectroscopy for identifying lipids, deuterium-labeled 

lipids have been used [11]. The C–D bonds have a unique peak (~2100 cm−1) in the Raman 

spectrum [12], but only a single lipid molecule can be visualized. On the other hand, SIMS 

can be used to detect deuterium and other stable isotopes simultaneously, making it possible 

to visualize and track several lipids—each labeled with a different isotope. The nanoscale 
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SIMS (NanoSIMS) instruments have high sensitivity and remarkably good spatial 

resolution, making it possible to image lipids in different cellular organelles [13]. Here, we 

review methods for imaging lipids by NanoSIMS and suggest several potential applications.

Correlative NanoSIMS and Backscattered Electron Imaging (CNBEI)

NanoSIMS imaging was initially used mainly for measuring isotopic ratios and trace 

elements within geochemistry and material science departments, but beginning in 2004, this 

approach has attracted interest from biologists [14]. For biologists, the NanoSIMS 

instrument has proven useful for visualizing the fate of stable isotope–labeled molecules in 

cells and tissues [15–17]. The NanoSIMS instrument bombards a section of cells or tissues 

with a primary ion beam (O− or Cs+), and then collects and identifies secondary ions based 

on mass-to-charge ratios. NanoSIMS instruments achieve high spatial resolution, high mass 

resolution, and high sensitivity, making it feasible to visualize stable isotope–labeled lipids 

at a subcellular resolution. Indeed, Frisz et al. [18,19] used NanoSIMS to visualize the micro 

domain distribution of 13C-labeled cholesterol and 15N-labeled sphingomyelins on the 

plasma membrane of NIH 3T3 fibroblasts. A key advantage of NanoSIMS imaging of lipids 

is that it does not require using lipids that have been modified with bulky fluorescent tags. 

Stable isotopes have little or no effect on the biological properties of lipids, and a large 

variety of stable isotope–labeled lipids are available from commercial vendors.

For imaging lipids in cells and tissues, we have adopted a novel approach called Correlative 
NanoSIMS and Backscattered Electron Imaging (CNBEI). This approach is superior to 

NanoSIMS alone because it generates, from the very same sections, both high-resolution 

morphological information (backscattered electron imaging) and chemical information 

(NanoSIMS). CNBEI has proven useful for visualizing stable isotope–labeled lipids in 

mouse tissues. In a typical experiment, we administer stable isotope–labeled lipids to the 

mouse and then prepare tissue sections for imaging studies. Initially, we examine tissue 

sections by backscattered electron (BSE) imaging with a scanning electron microscopy, 

which provides high-resolution images of cells (allowing visualization of cellular 

organelles). Once subcellular morphology has been defined, we image the same tissue 

section by NanoSIMS. In this way, we can correlate high-resolution morphological data 

from BSE images with the chemical information provided by the NanoSIMS. We recently 

used this correlative imaging approach to document margination of 13C-labeled triglyceride-

rich lipoproteins (TRLs) along the luminal surface of capillary endothelial cells (Fig. 1) 

[20,21].

In a typical NanoSIMS imaging study, millions of secondary ions are collected and used to 

construct a high-resolution image. Images can be created solely from the release of single 

secondary ions from the tissue section (e.g., 1H−, 2H−, 12C−, 13C−) or from the ratio of two 

secondary ions (e.g., 13C−:12C−). All of the secondary ions that are used to create images are 

available for quantitative analyses. In recent studies, we used NanoSIMS imaging data to 

quantify the impact of GPIHBP1 deficiency on the transport of 13C-labeled lipids from the 

plasma compartment to surrounding parenchymal cells. GPIHBP1 is an endothelial cell 

protein that shuttles a triglyceride hydrolase, lipoprotein lipase (LPL), from the interstitial 

spaces to the capillary lumen. LPL hydrolyzes the triglycerides in TRLs, releasing fatty 
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acids that are taken up and used by surrounding parenchymal cells [22]. In the setting of 

GPIHBP1 deficiency, LPL never reaches the lumen of capillaries and instead remains 

mislocalized within the interstitial spaces, interfering with the lipolytic processing of TRLs; 

consequently, there is an accumulation of unprocessed TRLs in the plasma and reduced 

delivery of lipid nutrients to parenchymal cells. To quantify the extent of the metabolic 

defect in GPIHBP1 deficiency, we fed wild-type and GPIHBP1-deficient mice 13C-fatty 

acids for 4 days and then sacrificed the mice and prepared sections of brown adipose tissue 

(BAT) and heart for NanoSIMS imaging (Fig. 2). In the tissue sections from GPIHBP1 

knockout mice (Gpihbp1−/−), large amounts of 13C were present inside capillaries, revealing 

an accumulation of unprocessed TRLs in the bloodstream. Not surprisingly, the amount 

of 13C reaching cytosolic lipid droplets was reduced, reflecting diminished delivery of 13C 

lipids from the bloodstream to the parenchymal cells (Fig. 2C and Fig. 2F) [20]. 

The 13C/12C ratio in BAT lipid droplets in wild-type mice was 2.2%, 51.7% higher than the 

ratio in the BAT of Gpihbp1−/− mice (1.45%). Similar findings were apparent in the heart. 

The 13C/12C ratio in cardiomyocyte lipid droplets in wild-type mice was 1.8% vs. only 

1.46% in cardiomyocyte lipid droplets in Gpihbp1−/− mice. In addition, the number of lipid 

droplets in cardiomyocytes was greater in wild-type mice than in Gpihbp1−/− mice.

Potential applications of CNBEI

The CNBEI approach provides many opportunities for better understanding lipid movement 

in cells and tissues. For example, at the current time, the mechanisms by which the fatty acid 

products of TRL processing traverse capillaries (in the direction of parenchymal cells) are 

poorly understood. One possibility is that fatty acids “diffuse” along endothelial cell 

membranes and move across endothelial cells in channels [23]. Another possibility is that 

most of the fatty acids move across endothelial cells in transcytotic vesicles—perhaps 

attached to CD36 (an integral membrane protein thought to be important for fatty acid 

transport) [24]. Another possibility is that the fatty acids move across the cytoplasm of 

endothelial cells. During the past year, we have initiated NanoSIMS studies to visualize the 

movement of lipids across capillary endothelial cells. Using the CNBEI approach, we 

uncovered occasional examples of TRLs inside capillary endothelial cells and rare examples 

of intact TRLs that had moved across endothelial cells into the subendothelial space. 

However, we doubt that the movement of intact TRL particles across endothelial cells plays 

a quantitatively important role in transporting lipids to surrounding parenchymal cells. In 

our initial studies, we were not successful in imaging the movement of free fatty acids across 

endothelial cells. We suspect that the fixation methods that we employed were suboptimal 

for fixing free fatty acids and that we may have examined tissues at time points when most 

of the fatty acids had already traversed endothelial cells. In future studies, by optimizing 

methods for tissue fixation, we anticipate being able to visualize the movement of fatty acids 

across endothelial cells, thereby gaining clues regarding the cellular mechanisms for lipid 

transport across endothelial cells. An early goal will be to investigate the role of CD36 in 

lipid transport across endothelial cells. A role for CD36 in the uptake of lipids by 

cardiomyocytes and adipocytes is well documented [24], but the role of CD36 in moving 

fatty acids across capillary endothelial cells needs more study. CD36 is expressed at high 

levels on capillary endothelial cells, and we suspect that this molecule could play a key role 
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in binding the fatty acid products of TRL processing and then moving them across 

endothelial cells. If this were the case, we suspect that the CNBEI approach will allow us to 

visualize fatty acids within transcytotic vesicles of endothelial cells in wild-type mice, but 

not in CD36 knockout mice.

The CNBEI approach should also make it possible to visualize the distribution of lipids 

within cultured cells. For example, it should be possible to label cultured cells with 13C-

cholesterol and 2H-choline (to label phosphatidylcholine) and then use the NanoSIMS data 

to quantify the amount of cholesterol, relative to phosphatidylcholine, in ER and Golgi 

membranes in response to metabolic and pharmacologic interventions. The same cells 

should be useful for visualizing the distribution of cholesterol on the plasma membrane. A 

recent study by Das and coworkers [25] proposed that there were three pools of cholesterol 

on the plasma membrane: a pool that is readily accessible to the cholesterol-binding protein 

PFO* (a mutant form of the bacterial toxin Perfringolysin O), a sphingomyelin (SM)-

sequestered pool that is accessible to PFO* only after sphingomyelinase treatment, and a 

pool that cannot bind PFO* even after sphingomyelinase treatment. At this point, it is 

unclear whether these different pools of cholesterol correspond to microdomains on the cell 

surface or whether those pools might correspond to identifiable features of the plasma 

membrane (as assessed by SEM imaging). In the future, we can imagine using NanoSIMS to 

assess the binding of [15N]PFO* to cells that have been grown in the presence of 

[18O]cholesterol. It is conceivable that NanoSIMS imaging of 15N and 18O would allow one 

to identify “PFO*-accessible” microdomains on the plasma membrane—regions that stand 

out above a more uniform distribution of [18O]cholesterol. The NanoSIMS studies by Mary 

Kraft’s laboratory suggested that sphingomyelins are enriched in specific regions of the 

plasma membrane of NIH 3T3 fibroblasts, whereas cholesterol is distributed more 

homogeneously [19]. In the future, NanoSIMS studies should allow investigators to 

simultaneously image cholesterol, sphingomyelins, PFO* binding, and the binding of 

lysenin (a sphingomylelin-binding protein) [26] on the surface of the plasma membrane.

Concluding remarks

We developed a new approach, CNBEI, that is useful for visualizing stable isotope–labeled 

lipids at a subcellular resolution. The combined use of BSE and NanoSIMS imaging makes 

it possible to correlate the chemical information from the NanoSIMS with subcellular 
morphological features of the BSE images. An attractive feature of the CNBEI method is the 

ability to quantify the amount and distribution of a lipid, relative to another lipid or protein, 

in specific subcellular structures.
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Figure 1. High-resolution images of lipids with CNBEI
A wild-type mouse was injected intravenously with 13C-labeled triglyceride-rich 

lipoproteins (TRLs) and then sacrificed 15 min later. (A) A Backscattered Electron (BSE) 

image of a heart section revealed darkly staining spherical particles (arrowheads) along the 

luminal surface of a capillary. (B) NanoSIMS image of the 13C/12C ratio (red, ranging from 

1.1% to 2.2%) and 14N (blue)—revealing that the spherical particles along the capillary 

lumen (arrowheads) in the BSE image were enriched in 13C, proving that those particles 

represented 13 C-TRLs that had marginated along the surface of capillary endothelial cells. 

Scale bar, 2 μm. Reproduced, with permission, from Fong et al. [22].
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Figure 2. Using NanoSIMS imaging to quantify the reduced delivery of lipids from the plasma 
compartment to parenchymal cells in the setting of GPIHBP1 deficiency
Wild-type mice and GPIHBP1-deficient mice (Gpihbp1−/−) were fed 13C-fatty acids for 4 

days and then sacrificed. A, B, D, E: 13C/12C NanoSIMS images of sections of brown 

adipose tissue (BAT) (A, B) and heart (D, E) from Gpihbp1+/+ and Gpihbp1−/− mice. C, F: 

Quantification of the ratio of 13C− secondary ions to 12C− secondary ions in lipid droplets 

and within the capillaries of BAT (C) and heart (F). Areas of interest (e.g., lipid droplets and 

capillary lumen) were examined pixel by pixel, and the 13C/12C ratios were calculated. LD, 

lipid droplets (white arrows); L, capillary lumen; RBC, red blood cell. Scale bar: 2 μm (A, 
B); 4 μm (C, D). Reproduced, with permission, from an article in the Journal of Lipid 
Research by Jiang et al. [20].
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