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Abstract

Stable isotopes are ideal labels for studying biological processes because they have little or no 

effect on the biochemical properties of target molecules. The NanoSIMS is a tool that can image 

the distribution of stable isotope labels with up to 50 nm spatial resolution and with good 

quantitation. This combination of features has enabled several groups to undertake significant 

experiments on biological problems in the last decade. Combining the NanoSIMS with other 

imaging techniques also enables us to obtain not only chemical information but also the structural 

information needed to understand biological processes. This article describes the methodologies 

that we have developed to correlate atomic force microscopy and backscattered electron imaging 

with NanoSIMS experiments to illustrate the imaging of stable isotopes at molecular, cellular, and 

tissue scales. Our studies make it possible to address 3 biological problems: (1) the interaction of 

antimicrobial peptides with membranes; (2) glutamine metabolism in cancer cells; and (3) 

lipoprotein interactions in different tissues.
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1. Introduction

As early as 1935, Schoenheimer et al. [1, 2] started using stable isotopes to study 

intermediary metabolism. Since then, stable isotope labelling has been used extensively to 

explore biological processes, often combined with mass spectrometry [3, 4] and Nuclear 

Magnetic Resonance [5, 6]. One advantage of using stable isotope labelling is that isotopic 

labels have little or no effect on the biochemical properties of the target molecules, so one 

can presume that stable isotope–labelled molecules behave in the same way as non-labelled 

molecules. The ability to carry out quantitative analysis with stable isotope labelling is also 

useful for fields like proteomics [7, 8]. However, most quantitative measurements of stable 

isotope ratios use bulk samples that have been extracted from whole tissues, making it 

impossible to draw conclusions about subcellular compartments or contributions of different 

cell types. Imaging the precise location of stable isotopes within cells by NanoSIMS can 

provide direct evidence of the distribution of labelled molecules and allow us to track 

molecules quantitatively as they interact with specific cells and tissues.

The CAMECA NanoSIMS 50 is a high-resolution secondary ion mass spectrometry (SIMS) 

instrument which can detect chemical and isotopic distributions with a lateral resolution of 

50 nm. The instrument uses a 16 keV primary Cs+ beam to bombard the sample surface and 

collects at least five selected negative secondary ions using a Mauttach–Herzog mass 

analyzer with electrostatic sector and asymmetric magnet configuration [9]. The design of 

the NanoSIMS simultaneously optimizes high spatial resolution, high mass resolution, and 

high sensitivity, which makes it a powerful tool for studying many types of samples. The 

sensitivity can allow excellent analysis of species at concentrations of parts per billion for 

some analytes, which makes it particularly useful in imaging trace elements in 

cosmochemistry [10, 11], geology [12, 13], and plant science [14, 15]. The excellent mass 

resolution, m/Δm>4500 with 80% transmission [16], enables quantitative analysis of stable 

isotopes even when there are close isobaric interferences, such as 12C1H− 

with 13C−, 12C15N− with 12C14N1H−, and 12C13C1H2
− with 13C14N− [17]. Combining these 

instrumental advantages with stable isotope labelling, NanoSIMS analysis has proven useful 

for studying biological samples in the last decade. For instance, Thompson et al. [18] 

identified a symbiosis model between a cyanobacterium and unicellular alga by imaging the 

exchange of fixed 13C and 15N. Kraft et al. [19] used a NanoSIMS to observe, for the first 

time, phase separation in lipid mixtures. Lechene et al. [20, 21] studied the fixed nitrogen 

exchange between host and bacterial cells and quantitatively measured mammalian 

cardiomyocyte renewal. In biological studies, the most common stable isotopes used to label 

molecules are 2H, 13C, 15N, and 18O; all are readily imaged by the NanoSIMS [22–25].

Due to the complexity of most biological problems, correlative techniques have been 

developed to extract as much information as possible from the samples. For instance, 

instruments have been designed to allow correlative fluorescence microscopy and electron 
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microscopy [26, 27]. Some groups studying biological samples have used NanoSIMS in 

combination with fluorescence microscopy [28], in situ hybridization techniques [29, 30], 

transmission electron microscopy (TEM) [20, 31], atomic force microscopy (AFM) [19, 32], 

synchrotron techniques [14], ICP-MS [31], and electron probe microanalysis [15]. All of 

these techniques have provided useful information to understand complex biological 

mechanisms, such as phylogenetic identification of individual cells from fluorescence in situ 

hybridization [33], extremely sensitive and rapid imaging of trace elements over large areas 

from synchrotron X-ray fluorescence techniques [34], and subcellular morphology from 

TEM [20]. The techniques of backscattered electron (BSE) imaging in a scanning electron 

microscope (SEM) and AFM have been extensively developed in recent years so that they 

now have new capabilities that can be applied to studies with biological samples. For 

instance, low-voltage BSE imaging has been applied to study both the morphology of 

biological materials and to reconstruct 3-D images by tomography [35–37]. The excellent 

spatial resolution of AFM makes it easy to visualize single molecules [38, 39] and 

interactions between molecules [40, 41].

This article reports three recent investigations combining analysis in the NanoSIMS with 

site-specific correlative AFM and BSE imaging. We discuss the critical sample preparation 

protocols and experimental methods developed for imaging at the molecular, cellular, and 

tissue scale.

2. Materials and Methods

2.1 Molecule Imaging

Supported lipid bilayers (SLBs) are attractive experimental models for fluid-phase 

membranes [42, 43] and can be conveniently prepared by well-established techniques.

2.1.1 Sample Preparation—We have studied SLBs prepared from 1,2-dilauroyl-sn-

glycero-3-phosphocholine (DLPC) with 1,2- dilauroyl-sn-glycero-3-phosphoglycerol 

(DLPG) (Avanti Polar Lipids) prepared as described previously [44]. Oxidized silicon 

substrates (University Wafer) were cut into 0.7-cm2 pieces and ozone-cleaned. The small 

unilamellar vesicle solution was poured over the substrate in a culture dish and shaken for 2 

h to enable lipid bilayer deposition on the surface. The silicon substrates were plunged into a 

dish of water and shaken for 3 min (three times) to remove excess vesicles. The surface lipid 

bilayer was then treated with a 10 μM solution of a membrane active peptide, 15N-amhelin 

(labelled at all alanine and leucine residues and purchased from AnaSpec) for 30 min, then 

rapidly frozen and freeze dried [44]. Bare lipid bilayers and unlabelled amhelin treated lipid 

bilayers were prepared as control samples by the same process.

2.1.2 Imaging—The SLBs on oxidized silicon substrates provide flat surfaces for AFM 

and NanoSIMS imaging of the same areas. Topographic AFM images were recorded with 

tapping mode AFM on a ParkAFM instrument, using 35 series tips from Mikromasch. 5 μm 

× 5 μm images were taken on the sample surface, and all AFM images were flattened and 

processed with Gwyddion 2.30. Imaged regions were located on optical microscope images 

as a reference for subsequent NanoSIMS analysis.
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The same areas were found in the NanoSIMS instrument, and 12C14N− and 12C15N− 

secondary ions were collected to identify the location of the 15N-amhelin. Ratio images 

(12C15N−/12C14N−) (10 × 10 μm, 256 × 256 pixels) were collected with a small primary 

aperture (D1 = 4) to match the pixel size in the images with the incident ion beam diameter 

(~70 nm). All data were collected without preliminary Cs+ implantation to avoid sputtering 

away the thin samples [23], and the beam dwell time was set to 8,000 μs/pixel to collect 

information from surface layers only a few nanometres thick. The images were processed 

using an ImageJ plugin OpenMIMS software (MIMS, Harvard University; 

www.nrims.harvard.edu) and processed by a median filter with one-pixel radius. Hue 

Saturation Images (HSI) were used to present all the stable isotope ratio images in this 

article.

2.2 Single Cell Imaging

2.2.1 Sample Preparation—The breast cancer MCF7 cell line was provided by Cancer 

Research UK Cell Services. Cells were cultivated for 16 h in L-Glutamine-free Advanced 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine 

serum and 4 mM alpha-15N-L-Glutamine (Cambridge Isotope Laboratories). Cell pellets 

were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer and processed as for routine 

electron microscopy. The samples were post-fixed in 2% osmium tetroxide in 0.1 M 

phosphate buffer, washed in distilled water, and treated with uranyl acetate. Samples were 

then dehydrated in ethanol and treated with propylene oxide before embedding in Spurr’s 

epoxy resin. Cells were also cultivated without 15N-glutamine and prepared as controls by 

the same process.

2.2.2 Imaging—500 nm sections were microtomed with a Diatome diamond knife and 

mounted on 15-nm platinum coated coverslips for imaging. Areas of interest were recorded 

by optical microscopy and the sections were then transferred to a Zeiss NVision FIB for 

imaging using the energy selective backscattered electron detector(EsB) detector. The BSE 

signal is highly sensitive to atomic number contrast [45], which enables us to image 

biological samples stained with heavy metals; thus, samples stained with OsO4 (as is 

common for electron microscopy) are also suitable for BSE imaging. With a low energy 

incident beam, the interaction volume decreases rapidly [46], which makes low-voltage 

images extremely surface-sensitive, and in a modern SEM we can achieve a lateral 

resolution of a few nanometres [47]. The use of low accelerating voltage also reduces the 

amount of charging and electron beam induced damage to the sample. We have found that 

500-nm sections are appropriate for both BSE imaging and NanoSIMS analysis. The use of 

low accelerating voltages means that the BSE signals are generated from very close to the 

the section surface, very similar to the volume analysed with NanoSIMS imaging. Here, 

BSE images were taken with a 2 kV incident beam with a standard aperture (30 μm) and 5 

mm working distance. Sections were then coated with 5 nm of platinum in a Cressington 

208HR high-resolution sputter coater to render the surface conductive for NanoSIMS 

imaging. The Cs+ primary beam in the NanoSIMS was first used to remove the platinum on 

the surface at selected locations, and at the same time implanted a low Cs+ dose of 6.5 × 

1015 atoms/cm2 to ensure that as little as possible of the section surface is removed before 

imaging. Maintaining the surface sensitivity for both BSE and NanoSIMS imaging is 
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important to ensure that precisely the same material is analysed with both techniques. It is 

not easy to correlate a surface-sensitive technique and optical fluorescence imaging where 

the optical signals can originate from different depths in the section.

Small apertures (D1 = 3 or D1 = 4) are used for imaging single cells to match the primary 

beam size and the pixel size. The instrument was tuned for 12C14N−, 12C15N−, and 31P− ions 

to give morphological information and allow calculation of the 15N/14N ratio. NanoSIMS 

images were collected with a dwell time of 30,000 μs/pixel for 256 pixel × 256 pixel images 

and processed as described earlier. A median filter with radius of 3 pixels is applied to the 

HSI images. The BSE and NanoSIMS images can be aligned, and the local ratio of 15N/14N 

can be measured quantitatively by ImageJ.

2.3 Tissue Imaging

2.3.1 Sample Preparation—Gpihbp1+/+ and Gpihbp1−/− mice were administered a 

mixture of 13C-labeled Algal fatty acids (Sigma 487937) by gavage. The labelled fatty acids 

(120 μg) were dissolved in 200 μl of ethanol and 1.7 ml sunflower oil; 200 μl of the 

suspension was administered to mice twice per day for four consecutive days. The tissues 

were then perfusion-fixed in situ with 2.5% glutaraldehyde containing 2 mM MgCl2 in 100 

mM cacodylate buffer (pH 7.4) and incubated in the fixation solution at 4° C overnight. On 

the following day, the tissues were incubated in an equal volume of 1% osmium tetroxide 

and washed three times in distilled water (10 min each). Samples were then treated with 

1.2% aqueous uranyl acetate overnight at 4° C in the dark. The samples were sequentially 

dehydrated with increasing concentrations of acetone (20, 30, 50, 70, 90, and 100%) for 30 

min each, followed by three additional treatments with 100% acetone for 20 min each. 

Samples were then infiltrated with increasing concentrations of Spurr’s resin (25% for 1 h, 

50% for 1 h, 75% for 1 h, 100% for 1 h, 100% overnight at room temperature), and then 

incubated overnight at 70° C in a resin mould. 500 nm thick sections were cut with a 

Diatome diamond knife on an Ultramicrotome. The sections were placed on a 15 nm 

platinum coated coverslip and left to dry.

Samples were also prepared to investigate the binding of lipoproteins to capillary endothelial 

cells. Endogenously 13C-labelled triglyceride-rich lipoproteins (TRLs) were harvested from 

Gpihbp1−/− mice after delivering a mixture of 13C-labeled Algal fatty acids (Sigma 487937) 

by gavage. TRLs were isolated by ultracentrifugation, and 50 μg was injected into a wild-

type mouse. The TRLs were injected intravenously via the tail vein and left for 1 h before 

being perfusion-fixed, and tissues were isolated by the same process as above. Tissues from 

mice without 13C-treatment were prepared as controls by the same process.

2.3.2 Imaging—BSE images were taken in a Zeiss NVision FIB under the same conditions 

as for the single-cell imaging studies described earlier. All of the BSE-imaged areas were 

also studied by NanoSIMS to allow direct correlation of the chemical information with ultra-

structural features of the cell. 40 μm × 40 μm NanoSIMS images were recorded to study 

reasonably large areas of sections from brown adipose tissue (BAT) and heart tissue, and 10 

μm × 10 μm images were taken to show the subcellular distributions in selected areas. 

The 13C/12C ratio was used to reveal the distribution of 13C-labeled lipids; 
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the 16O−, 12C14N−, and 31P− signals were also collected to show tissue morphology. A large 

primary aperture (D1 = 2) was used to acquire images (40 × 40 μm, 256 × 256 pixels) on 

brown adipose tissue, and a smaller primary aperture (D1 = 3 or D1 = 4) was used to 

achieve higher spatial resolution images of capillaries in heart or brown adipose tissue. 

The 13C/12C HSIs were also processed by the OpenMIMS plugin in ImageJ software, and 

processed by a median filter with a three-pixel radius.

3. Results and Discussion

3.1 Selecting the Cs+ dose in stable isotope Imaging

The Cs+ source in the NanoSIMS sputters the sample surface to generate the ionized signals 

to form the elemental images, but at the same time implants caesium into the sample. To 

achieve reliable quantification of stable isotopes and to obtain sufficiently high signals for 

imaging, pre-imaging implantation is needed because the yield of secondary ions depends on 

the surface concentration of Cs [9]. Fig. 1 shows how the counts for 12C− and 12C14N− vary 

as a function of Cs+ dose on a 5 nm platinum-coated 500 nm section of heart tissue sample 

with a primary ion beam current of 1.3 pA and 5 μm raster size. Both 12C− and 12C14N− 

signals started high due to contamination on the surface of the platinum coating. 

The 12C14N− signal stabilises immediately after sputtering away the platinum coating at a 

primary ion dose of about 5 × 1015 atoms/cm2. This rapid stabilization enables imaging of 

the top surface of the sample for tracking 15N-labelled molecule distribution in the same 

material imaged in the AFM. This also makes it possible to conduct correlative BSE 

and 15N/14N NanoSIMS analysis of a very similar imaging volume. The primary ion dose 

required for reliable analysis of 13C− and 12C− was set to about 6.5 × 1016 ions/cm2 to 

ensure steady state for the 12C− signal. All experiments in this report were designed to use 

as-low-as-possible primary ion dose to achieve both reliable quantification and similar 

imaging volume for correlative analysis.

3.2 Interactions of Antimicrobial Peptides and Membranes

Antimicrobial peptides are ubiquitous effector molecules of the innate immune system of all 

multicellular organisms [48]. The peptides modulate immune responses by targeting 

microorganisms in a nonspecific manner. They disrupt microbial phospholipid membranes 

which inevitably leads to cell leakage and death [49]. Several mechanistic models have been 

proposed for antimicrobial action, including the formation of barrel-stave pores [50], 

torroidal pores [51], and carpet-like modes [52]. However, direct observation of these 

fundamental processes has not been obtained. This section demonstrates the application of 

correlative AFM and NanoSIMS analysis to directly image interactions between 

antimicrobial peptides and phospholipid membranes. These experiments were designed to 

simulate molecular interactions on a flat surface so that AFM results could confirm the 

topology of the structures formed, and NanoSIMS stable isotope imaging could provide 

direct evidence for the distribution of labelled molecules. A de novo peptide was designed as 

an archetypal antimicrobial sequence capable of inserting into phospholipid bilayers in a 

transmembrane manner, and promoting pore formation. The peptide, dubbed an 

antimicrobial helix insert (amhelin), was 15N-labelled and was applied to lipid bilayers 

(SLBs).
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The freeze-dried 15N-amhelin treated samples were imaged by both AFM and NanoSIMS. 

Bare SLBs were used as controls, showing a featureless surface with the ‘natural 

abundance’ 15N/14N ratio of 0.37% (Fig. S1a). The unlabelled amhelin treated membrane 

surface shows pore-like and filament-like features in the 12C14N− image (Fig. S1b), and a 

natural 15N/14N ratio of 0.37% was again calculated from the low signals from 12C15N− 

ions. On the 15N-amhelin treated surfaces, AFM revealed similar pore-like structures of 

different diameters (average diameter 2.7 μm ± 1.3 μm) and filament-like features (Fig. 2a), 

and showed an average step height at the pore edges of 3–4 nm, consistent with the long axis 

of the peptide molecule, 3.2 nm [44]. NanoSIMS analysis confirms that these features are 

formed by the labelled peptide since we measure locally both higher 12C14N− and 12C15N− 

signals (Fig. S2) and high 15N/14N ratios. From the NanoSIMS data, 15N/14N ratios at the 

edges of each pore were consistently higher than the ratio inside pores (with diameters 

between 0.7 and 8.3 μm) (Fig. 2c). Peptide-rich filament-like features running across the 

surfaces and connecting individual pores could also be seen in both AFM and NanoSIMS 

images, which suggests that peptide molecules may migrate across the SLB surface (Fig. 

2b). These results provide the first direct evidence of pore formation by antimicrobial 

peptides and indicates that pores can expand laterally at the nano-to-micrometer scale 

leading eventually to complete membrane disintegration [44].

3.3 Glutamine Metabolism in Single Cancer Cells

As the most abundant free amino acid in the human body, glutamine is known to be an 

important nutrient for cancer growth [53–55]. Glutamine is critical to cancer cells, as it is 

not only a nitrogen source for protein and nucleotide synthesis, but is also important for 

uptake of essential amino acids and for maintaining mitochondrial membrane potential and 

integrity [56]. A thorough understanding of glutamine metabolism could help develop new 

approaches to treat cancer, and many scientists working in this area are using mass 

spectrometry [57], NMR spectroscopy [58], and various other methodologies [59–61]. This 

section reports a new correlative approach using BSE imaging and NanoSIMS analysis 

which can image the metabolites on a subcellular level, enabling quantitative measurement 

of the uptake of labelled molecules by specific organelles.

Typical data from MCF7 cells exposed to 15N-glutamine are shown in Figure 3. Organelles 

are revealed clearly in the BSE images (Fig. 3a), which can then be used to identify the 

location of chemical information in the NanoSIMS image (Fig. 3b), which reveals 

incorporation of 15N. Cells exposed to the cell culture without 15N-glutamine were imaged 

as controls. Fig. S3 shows the expected homogenous 15N/14N ratio at natural abundance in a 

control cell. The 12C14N− and 31P− images also show the nucleolus, nuclear membrane, and 

cytoplasm (Fig. S3), but other organelles are not easily recognisable in the NanoSIMS 

images. In this case, BSE imaging can be used to identify subcellular structures, such as ER, 

Golgi, and mitochondria, which can be used to correlate with the chemical information 

obtained from NanoSIMS.

The images in Figure 3 show that the nucleolus is heavily labelled with 15N; the 15N/14N 

ratio is about 4.6% after 16 h, more than ten times higher than the natural abundance of 15N. 

There is also heavy labelling of the nucleus, Golgi, and ER (Fig. 3c). Analysis of tens of 
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cells has shown 15N/14N ratios of about 3.0% ± 0.5%, 3.6% ± 0.3%, 3.4% ± 0.3% in the 

nucleus, Golgi, and ER, respectively (Fig. 3d). The turnover speed in specific organelles can 

also be measured by studying cells exposed to the labelled glutamine for different periods 

under different conditions in conventional pulse-chase experiments.

3.4 Tracking Lipid in Tissues

BSE imaging can achieve resolutions of a few nanometres but also record structural 

information from large areas, as shown by recent work on brain tissue (which extended to 

hundreds of micrometres) [62, 63]. The NanoSIMS also has the ability to scan relatively 

large areas for isotopic distributions [21], which makes studies with both techniques suitable 

for analysing tissue samples. Glycosylphosphatidylinositol-anchored high density 

lipoprotein binding protein-1 (GPIHBP1) was identified by Beigneux et al. [64] as a critical 

protein in the lipolytic processing of triglyceride-rich lipoproteins (TRLs); they showed that 

GPIHBP1 transports lipoprotein lipase (LPL) from the subendothelial spaces to its site of 

action in the capillary lumen [65]. Gpihbp1-deficiency results in mislocalization of LPL, 

severe hypertriglyceridemia [66], and reduced delivery of dietary-derived lipids to 

parenchymal cells [64]. We have used NanoSIMS and BSE analysis to study lipid transport 

in wild-type mice and Gpihbp1 knockout (Gpihbp1−/−) mice.

The low-magnification NanoSIMS 12C14N− image (Fig. 4a) from a selected 40 μm × 40 μm 

area of BAT in a wild-type mouse shows lipid droplets, parenchymal cells, and capillaries. 

The 13C/12C HSI image (Fig. 4b) clearly shows lipid droplets labelled by 13C after the 

mouse was fed with 13C-lipids for 4 days. NanoSIMS images on BAT tissue from a control 

mouse not fed with the 13C diet are shown in Fig. S4, showing (as expected) the 1.1% 

natural abundance of 13C over the whole area. The most valuable feature of parallel BSE 

analysis of these samples is to use the higher-image resolution and extremely rapid image 

acquisition to screen for the most important areas to study by slower NanoSIMS imaging. 

For instance, features like the particle in an endothelial cell (Fig. 4d) can be imaged by BSE, 

and NanoSIMS analysis (Fig. 4c) can then be used to show that this particle (~400 nm in 

diameter) is labelled by 13C. A line scan through the particle shows the 13C/12C ratio is 

about 1.75%, 59% above natural abundance. The ability to perform quantitative analysis in 

the NanoSIMS has been used to quantify 13C/12C ratios in many lipid droplets in BAT 

sections. The 13C/12C ratios were measured in ImageJ by manually drawing areas of interest 

around single lipid droplets, and the average ratio from the brown adipose tissue lipid 

droplets in Gpihbp1+/+ samples is 1.8% ± 0.08%, 63.6% above the natural value of 1.1%. 

Gpihbp1−/− mouse samples show a ratio of 1.2% ± 0.03%, only 9% above natural values 

(Fig. 4e). Figure 4 shows a direct and quantitative effect of Gpihbp1 deficiency on the 

efficiency with which dietary lipids are delivered to cytosolic lipid droplets in brown 

adipose tissue.

Heart tissue of a wild-type mouse was also imaged to study the binding of TRLs to capillary 

endothelial cells (“margination”), an important step in the lipolytic processing of 

triglyceride-rich lipoproteins [67]. NanoSIMS images of the mouse heart treated 

without 13C-labelled lipids show the expected natural 13C/12C ratio in the capillaries and 

cardiomyocytes (Fig. S5). Fig. 5a is a BSE montage of a 165 μm × 70 μm area showing 
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cardiomyocytes and capillaries in a wild-type mouse heart. Higher magnification BSE 

images revealing stained particles along the luminal side of capillaries which can then be 

selected for detailed analysis (Fig. 5b and Fig. 5d). These two areas were identified from 

about 25 capillaries quickly imaged by BSE on the larger area to show rare examples of 

lipoprotein margination 1 hour after intravenous injection of TRLs. NanoSIMS analysis on 

these same areas (Fig. 5c and 5e) was carried out after BSE screening, and shows that the 

stained particles are labelled with 13C, establishing that they are the 13C-lipoproteins 

injected into the mouse. The correlative NanoSIMS 13C/12C images and BSE images (Fig. 

5b–e) reveal that some 13C-labelled lipids have reached the parenchymal cells. These results 

provide direct evidence for the entry of dietary lipids into lipid droplets in adipocytes as well 

as direct observation of lipoprotein margination along the luminal side of heart capillaries 

and the transport of the lipid to cardiomyocytes.

4. Conclusions

This article reports three applications of high-resolution stable isotope imaging with 

NanoSIMS where complementary techniques have been important in interpreting the SIMS 

data. Experiments have been carefully designed to ensure the imaged volumes with the 

selected techniques are as similar as possible so that we can be sure that the data from the 

different techniques is from exactly the same structures and organelles. AFM and 

NanoSIMS imaging on flat substrates can show topographic and chemical information to 

reveal the interaction mechanisms of antimicrobial peptides with lipid bilayers; correlative 

BSE and NanoSIMS imaging provides structural and isotopic information to study both 

glutamine metabolism in single cells and the uptake of labelled lipids in tissue samples. The 

three applications discussed here are just a few examples of the ability of correlative 

imaging techniques to study important topics in biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Depth profile of 12C− and 12C14N− on a 500 nm section coated with 5 nm of platinum
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Figure 2. Correlative AFM and NanoSIMS imaging on molecular interactions
(a) AFM images of 15N-amhelin treated lipid bilayers show pores on the surface and 

filamentary features running across the surface connecting the pore structures. (b) HSI 

NanoSIMS images from the same area showing that the edges of the pores have a 

high 15N/14N ratio, confirming that the pores result from 15N-amhelin. (c) Line scan across a 

pore in the 15N/14N ratio image (marked in Fig. 1b) reveals a high 15N/14N ratio (20% 

versus 0.37% for natural abundance), which proves a high local concentration of 15N-

amhelin. Scale bar, 4 μm. Colour scale of 15N/14N image: 0–40%.
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Figure 3. Correlative BSE and NanoSIMS imaging on single cells
(a) BSE image of a typical MCF7 cell exposed to 15N-glutamine for 24 h. The individual 

organelles are identified with white lines: nucleolus (Nu), nucleus (N), Golgi (G), 

endoplasmic reticulum (ER), and mitochondria (M). (b) 15N/14N HSI NanoSIMS image of 

the same cell enables quantitative measurement of the 15N/14N ratio in specific organelles. 

(c) 15N/14N ratio in different organelles of the cell: nucleolus (4.6%), nucleus (3.8%), Golgi 

(4.0%), ER (3.8%), and mitochondrion (3.4%). The average ratio of the whole cell is 3.7%. 

(d) Statistical analysis of 10 single cells showing 15N/14N ratios in the nucleolus (3.7% ± 

0.5%), nucleus (3.0% ± 0.4%), Golgi (3.6% ± 0.3%), ER (3.4% ± 0.2%), and mitochondria 

(2.9% ± 0.3%). Scale bar, 3 μm. Colour scale of 15N/14N ratio image: 0.37–6%.
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Figure 4. Correlative BSE and NanoSIMS imaging on tissue samples
(a) Low-magnification 12C14N− NanoSIMS image of a 40 μm × 40 μm area of brown 

adipose tissue from a wild-type mouse after 4 days of feeding with 13C-lipids. (b) 13C/12C 

HSI image from the same area. (c) High-magnification NanoSIMS 13C/12C HSI image of a 

capillary in the brown adipose tissue from a wild-type mouse after 4 days of feeding 

with 13C-lipids. Highlighted line corresponds to the data in (f). (d) BSE images of the same 

capillary. The red blood cell (RBC), mitochondrion (M), and lipid droplet (L) are identified 

in the image. Arrow identifies the particle scanned in (f). (e) Quantitative analysis of 

the 13C/12C ratio in lipid droplets in brown adipose tissue from Gpihbp1+/+ and Gpihbp1−/− 

mice. (f) Line scan across the labelled ~400-nm dark particle with 13C/12C ratio of 1.7%. 

Scale bars in (a, b), 10 μm; (c, d), 2 μm. Colour scale of 13C/12C ratio images: (b) 1.1–2.0%; 

(c) 1.1–1.8%.
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Figure 5. 
(a) Low-magnification BSE image of a selected 165 μm × 70 μm area in the heart of a wild-

type mouse which had been injected with 13C-labeled TRLs 1 h earlier. (b, d) High-

magnification BSE images of selected capillaries [boxed areas in (a)] showing dark particles 

(TRLs) along the luminal side of the capillary endothelial cells (arrowhead) or within the 

muscle cell (arrows). (c, e) 13C/12C NanoSIMS images from the same capillaries show that 

the darkly stained particles are labelled by 13C. White arrows identify labelled TRLs at the 

luminal surface of capillaries (arrowhead) and labelled lipid droplets in parenchymal cells 

(arrows). Scale bars: (a) 15 μm; (b, c) 3 μm; (d, e) 1.4 μm. Colour scale 13C/12C ratio 

images: (c, e) 1.3–1.7%.

Jiang et al. Page 18

Methods. Author manuscript; available in PMC 2014 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript




