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Abstract

Profiling and imaging of cholesterol and its precursors by mass spectrometry (MS) are important 

in a number of cholesterol biosynthesis disorders, such as in Smith-Lemli-Opitz syndrome 

(SLOS), where 7-dehydrocholesterol (7-DHC) is accumulated in affected individuals. SLOS is 

caused by defects in the enzyme that reduces 7-DHC to cholesterol. However, analysis of sterols is 

challenging because these hydrophobic olefins are difficult to ionize for MS detection. We report 

here sputtered silver matrix-assisted laser desorption/ionization (MALDI)-ion mobility-MS (IM-

MS) analysis of cholesterol and 7-DHC. In comparison with liquid-based AgNO3 and colloidal Ag 

nanoparticle (AgNP), sputtered silver NP (10–25 nm) provided the lowest limits-of-detection 

based on the silver coordinated [cholesterol+Ag]+ and [7-DHC+Ag]+ signals while minimizing 

dehydrogenation products ([M+Ag-2H]+). When analyzing human fibroblasts that were directly 

grown on poly-L-lysine-coated ITO glass plates with this technique, in situ, the 7-DHC/

cholesterol ratios for both control and SLOS human fibroblasts are readily obtained. The m/z of 

491 (specific for [7-DHC+107Ag]+) and 495 (specific for [cholesterol+109Ag]+) were subsequently 
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imaged using MALDI-IM-MS. MS images were co-registered with optical images of the cells for 

metabolic ratio determination. From these comparisons, ratios of 7-DHC/cholesterol for SLOS 

human fibroblasts are distinctly higher than in control human fibroblasts. Thus, this strategy 

demonstrates the utility for diagnosing/assaying the severity of cholesterol biosynthesis disorders 

in vitro.
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Introduction

Cholesterol is a major component of the cell membrane and plays important structural and 

functional roles in biological processes. For example, cholesterol is abundant in lipid rafts, 

membrane microdomains that serve as important media in cell signaling [1, 2]. In addition, 

cholesterol constitutes ca. 20% of total lipids in the brain and is essential in activating the 

hedgehog signaling pathway that is critical for embryonic development [3, 4]. A number of 

defects in cholesterol biosynthesis lead to elevated levels of sterol precursors, such as in 

Smith-Lemli-Opitz syndrome (SLOS), where 7-dehydrocholesterol (7-DHC) accumulates in 

affected individuals because of defective 3β-hydroxysterol-Δ7-reductase (DHCR7) [5]. In 

addition, abnormal levels of cholesterol or its precursors/metabolites have been observed in 

various human diseases, such as atherosclerosis [6], Niemann-Pick C1 diseases [7], 

cerebrotendinous xanthomatosis [8], breast cancer [9], etc. Thus, it is critical to assay and/or 

image cholesterol and related sterols from cells, tissues, or fluids in situ to quickly diagnose 

related diseases and to understand the distribution of cholesterol and its precursors.
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Hydrophobic olefins, including cholesterol and related sterols, steroids, and some vitamins, 

are difficult to ionize for subsequent mass spectrometry (MS) analysis. For this reason, 

silver has been used to ionize such molecules in coordination ion-spray MS (CIS-MS), 

taking advantage of the electrophilic nature of silver to coordinate directly with unsaturated 

carbon–carbon bonds [10, 11]. Typically, doublet peaks of the analyte-silver adducts, [M

+107Ag]+ and [M+109Ag]+, are observed because of the similar relative abundance of the 

two stable isotopes of silver. Direct laser desorption/ionization (LDI) of [cholesterol+Ag]+ 

complexes was achieved in a mixture of peptides and phospholipids [12], and in astrocyte 

cells with the assistance of silver nanoparticles (AgNPs) [13]. The sensitivity of this 

technique was further improved by the application of monoisotopic AgNPs by restricting ion 

species to a single silver isotope [14]. More recently, direct silver coating in the form of 

aqueous AgNO3, coupled with nanostructure-initiator-MS (NIMS), was used to image 

cholesterol and 7-DHC from brain tissues in a SLOS mouse model [15]. All of these 

methods required liquid-based sample preparation, which can result in analyte diffusion 

from their native locations in tissues or cells. Clearly, this is undesirable when performing 

MS imaging experiments at high spatial resolution because resolution is then limited by the 

competing kinetics of solvent evaporation and diffusion, rather than the instrumental 

methodologies for imaging MS. In contrast with liquid-based techniques, gas-based sputter 

deposition is a fast and reproducible way to generate AgNPs directly on surfaces without 

solvent. In gas-phase sputter deposition, particle sizes and film thicknesses can be controlled 

by varying the applied voltage, sputtering time, inert gas pressure, and distance from the 

sputtering target [16]. Moreover, sputter coating samples with metal increases the 

conductivity of insulating substrates, such as tissues or cells, which is believed to increase 

ion signal and mitigate surface charging aberrations in imaging MS [17]. The ionization of 

cholesterol in cells and/or tissues using sputtered silver was demonstrated previously for 

secondary ionization-MS (SIMS) detection and more recently for LDI-MS [18–22]. 

Although SIMS has the advantage of generating MS images with high spatial resolution, it 

tends to produce more fragment ions than LDI-MS methods [18, 21].

The present research centers on the utility of sputtered silver for imaging IM-MS of cells 

grown directly on glass sample targets for the quantitation of cholesterol and cholesterol 

metabolic precursors. There are compelling motivations to describe the workflow utilized 

here as either direct LDI or matrix-assisted LDI (MALDI). We are inclined to describe the 

sputtered silver deposition as MALDI because the AgNP serves as both a chromophore for 

UV irradiation and as a source of cationizing species (i.e., Ag+) to facilitate ionization of the 

analyte. Note that the AgNP utilized in this work are in a similar size range to the 30 nm 

cobalt particles used by Tanaka and coworkers in their seminal MALDI demonstration [23], 

and the MALDI terminology has also been used to describe the utility of AuNP as MALDI 

matrices [24].

Here we report: (1) a critical comparison of liquid-based versus gas-based silver deposition 

for MALDI-IM-MS analysis of cholesterol and 7-DHC, (2) a MALDI-IM-MS quantitation 

strategy for cholesterol and 7-DHC from human fibroblast cells through silver 

complexation, and (3) direct imaging MALDI-IM-MS of cholesterol and 7-DHC from 

monolayers of control and SLOS human fibroblast cells that were grown directly on ITO-

coated glass plates.
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Experimental

Materials

Cholesterol, 7-DHC, AgNO3, poly-L-lysine, and acetonitrile were purchased from Sigma-

Aldrich Co. ITO-coated float glass MALDI plates (part no. CG-90IN-3081; 70–100 Ω; 45× 

45×1.1 mm) were purchased from Delta Technologies, Ltd. (Loveland, CO, USA). Colloidal 

AgNP (nominal particle size: 20 nm; particle concentration: 0.12 nM; Ag concentration 28.5 

μM) was purchased from Ted Pella, Inc. (Redding, CA, USA).

Ion Mobility-Mass Spectrometry

All data were acquired on a MALDI-IM-MS (Synapt G2 HDMS; Waters Corp., Milford, 

MA, USA) using a frequency-tripled Nd:YAG laser (wavelength=355 nm, pulse repetition 

frequency=1000.0 Hz). Data were acquired in Resolution mode and, unless otherwise 

indicated in selected measurements, over a mass range of 400 to 600m/z for sterol standards 

in characterization and development of the technique and a mass range of 480 to 510m/z for 

imaging-mode acquisition. Laser energy attenuation was 300 (arbitrary units) for cholesterol 

and 7-DHC standards and 250 for ionization directly from cells. Ion mobility separation was 

performed at a drift gas pressure of 2.30 Torr using nitrogen gas, a wave velocity of 650 

m/s, and a wave height of 40.0 V.

Gas-Based and Liquid-Based Silver Deposition Strategies

Stock solutions of cholesterol and 7-DHC (1.55 and 1.43 mM, respectively) were prepared 

in acetonitrile, and 0.5 μL of stock solutions were spotted on an ITO-coated glass plate in 

triplicates (resulting in spots of ca. 2 mm2 area with 390 pmol/mm2 of cholesterol or 360 

pmol/mm2 of 7-DHC). Sputter coating was performed with a Cressington Sputter Coater 

108 (Ted Pella, Inc., Redding, CA, USA) at a current of 30 mA and an atmosphere of 0.15 

Torr of Ar over different durations (100, 300, 600, 900, 1200, 1500 s). The distance between 

silver target and the sample plate being coated was set at 8 cm. The samples were analyzed 

by MALDI-IM-MS and comparison of spectra suggested that 600 s of coating gave the 

highest signal intensity. Using these sputter conditions, the limits of detection for cholesterol 

and 7-DHC standards were obtained. To account for differences in ionization efficiency in 

metabolic ratio calculations, a response factor for 7-DHC relative to cholesterol was 

obtained by co-spotting known amounts of 7-DHC and cholesterol followed by sputter 

coating. For liquid-based silver deposition, different quantities of either AgNO3 (23, 230, 

and 2300 pmol) or AgNP (0.06, 0.12, 0.18 fmol of NP or 14.3, 28.6, and 42.9 pmol of Ag) 

were spotted on top of the sample spots (390 pmol/mm2 of cholesterol or 360 pmol/mm2 of 

7-DHC), dried under vacuum, and subsequently analyzed by MALDI-IM-MS.

Cell Culture for Determining Limits of Detection

Control (GM05399) and SLOS (GM05788) human fibroblasts were purchased from the 

Coriell Institute (Camden, NJ, USA). Both cell lines were grown in Dulbecco’s modified 

eagle medium (DMEM) supplemented with L-glutamine, 10% lipid-reduced fetal bovine 

serum (FBS; Thermo Scientific HyClone, Logan, UT, USA), and penicillin/streptomycin at 

37°C and 5% CO2, for 6 d as described previously [25]. The cells were trypsinized, counted, 
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and resuspended in 1× PBS/H2O (1/1) at different concentrations. Approximately 2 μL of 

each cell suspension was manually spotted on ITO-coated glass plates, resulting in a spot 

area of ca. 2 mm2. Each cell concentration was spotted in triplicate, where reproducibility 

was found to be high as indicated in the data below for determination of limits of detection. 

Final concentrations of 100, 1000, and 10,000 cells/mm2 were obtained on the sample 

plates. The plates were then coated with sputtered silver and analyzed by MALDI-IM-MS.

Cell Culture for Monolayer Imaging

ITO-coated glass plates were dip-coated with poly-L-lysine followed by washing with H2O 

(×5). The edges of the plates were marked with a hydrophobic marker to prevent overflow 

of the cell suspension. The plates were kept in DMEM medium until use. Control and SLOS 

human fibroblasts were maintained in DMEM supplemented with L-glutamine, 10% FBS, 

and penicillin/streptomycin at 37°C and 5% CO2. The cells were trypsinized, counted, and 

re-suspended to a concentration of 1 million cells/mL in the above medium. Approximately 

0.5 mL of the cell suspension (500,000 cells) was added onto the poly-L-lysine coated glass 

plates. The cell-covered plates were incubated at 37°C for 24 h before changing regular FBS 

containing medium to lipid-reduced FBS containing medium. The medium was changed 

every other day and the cells were grown for 6 d. The plates were then washed with 1× 

HBSS (×2) and H2O (×2), and dried under air and subsequently under vacuum. 

Optimization of the sputtering duration on these plated non-trypsinized cells indicated a 

slightly shorter silver sputtering time of 300 s for highest analyte intensities in comparison 

with those found for the standards in the absence of the cellular matrix. Quantification of the 

ratios of 7-DHC/cholesterol from control and SLOS human fibroblast monolayers were 

obtained by surveying areas of ca. 2 mm2 following silver deposition.

Ion Mobility-Mass Spectrometry Imaging and Optical Imaging of Human Fibroblast 
Monolayers

Areas of ca. 4.5×4.5 mm of the control and SLOS human fibroblast cell monolayers grown 

on ITO and poly-L-lysine-coated glass plates were imaged with MALDI-IM-MS after 300 s 

of silver sputter coating. The MALDI-IM-MS images were obtained using a laser diameter 

of 30 μm and data were collected with 2 μm oversampling (1000 shots of laser per pixel) 

[26]. This level of oversampling was chosen to demonstrate the ability to use IM-MS to 

image cultured cells at subcellular resolution and overlay these images with optical 

micrographs. Optical images of the same areas were taken on a Zeiss AXIO Observer.Z1 

inverted microscope equipped with Hamamatsu Digital Camera C10600 Orca R2 using 

AxioVision Rel. 4.7 program and subsequently co-registered with the MALDI-IM-MS 

images.

Results and Discussion

This research was motivated by two primary challenges in the determination of cholesterol, 

cholesterol precursors, and their quantitative ratios by MS techniques. First, attenuated sterol 

ionization using conventional MALDI protocols and chemical reactivity of the analytes in 

the sample preparation or the ionization process make it difficult to analyze the sterol 

species. This has been observed in spectra for cholesterol species in the literature, but 

Xu et al. Page 5

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



largely not described, because it was not the focus of those works [22].These phenomena are 

particularly salient in the present work because it confounds the analysis of cholesterol 

precursor species such as 7-DHC, a cholesterol precursor that was found to be the most 

reactive lipid molecule toward free radical oxidation [27]. We found that these effects can be 

largely mitigated by using gas-phase rather than liquid-phase silver deposition. Second, 

when analyzing these species directly from biological samples, such as human fibroblast 

cells in this work, extensive chemical noise in the low mass region makes it difficult to 

detect cholesterol and cholesterol precursors at biologically relevant concentrations. In part, 

these nominally isobaric species can be separated through the use of high resolution MS 

approaches (e.g., >30,000). Our approach is to separate the chemical noise from the analytes 

of interest through the use of ion-mobility (IM) MS.

Sputtered Silver MALDI-IM-MS Analysis of Cholesterol and 7-DHC Standards

Silver sputtering under the condition used in this report gives particle sizes of 10 to 25 nm as 

measured by scanning electron microscopy (Figure 1a). The particle size is about the same 

as the size of the colloidal AgNP (20 nm) used in this study and earlier reports [12].

Cholesterol and 7-DHC standards were spotted onto ITO-coated glass MALDI plates, 

coated by sputtered silver, and analyzed by MALDI-IM-MS. Silver coordination signals of 

[cholesterol+Ag]+ (m/z 493 and 495) and [7-DHC+Ag]+ (m/z 491 and 493) doublets were 

readily observed, and stand out distinctly from background signals in IM separation. Figure 

1b shows the drift time versus m/z two-dimensional IM-MS spectrum of [cholesterol+Ag]+, 

and Figure 1c and d show the typical MS spectra pre- and post-IM separation. The ability to 

select only [M+Ag]+ as shown on Figure 1d allows strong isobaric noise contributors with 

different mobility to be completely eliminated. Indeed, the elimination of chemical noise 

leads to >500 times signal-to-noise (S/N) increase when assaying cholesterol at a 

concentration of 4 pmol/mm2. The drift-time selection rule was established using cholesterol 

and 7-DHC standards and the same rule was applied to the studies on human fibroblast cells 

as discussed in sections below. In establishing this selection rule, it is assumed that any 

contribution from differences in cellular media or cell type to noise sources is minimal over 

the regions selected and the effect of that noise on the MS signal intensity of the analytes of 

interest is the same.

By varying the sputtering time while keeping other conditions the same, the highest signal 

intensity for both [cholesterol+Ag]+ and [7-DHC+Ag]+ was achieved with 600 s of silver 

sputtering for the sterol standards (Supplementary Figures S1 and S2). Cholesterol clearly 

responds better than 7-DHC in the sputtered silver MALDI-IM-MS. The response factor of 

7-DHC relative to cholesterol was determined to be 1.26 and was used to estimate the ratios 

of these two sterols in in human fibroblasts (see below).

Comparison of Gas-Based Sputtered Silver and Liquid-Based Silver

In addition to sputtering, MALDI-IM-MS analysis of [cholesterol+Ag]+ and [7-DHC+Ag]+ 

was also achieved with AgNO3 solution and colloidal AgNP. Solution silver deposition 

appears to give the lowest limit-of-detection (LOD) at ca. 0.5 pmol/mm2, but large number 

of dehydrogenation peaks, [M+Ag-2H]+, were observed for both [cholesterol+ Ag]+ and [7-
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DHC+Ag]+ (Figure 2). It should be noted that this dehydrogenation phenomenon of 

cholesterol silver adducts was also observed previously by Nygren and co-workers using 

SIMS [21]. The formation of the dehydrogenation ions is potentially problematic when both 

cholesterol and 7-DHC are being assayed. For example, overestimation of the levels of 7-

DHC and underestimation of the levels of cholesterol would be expected when analyzing 

control human fibroblasts because the low levels of 7-DHC and high levels of cholesterol in 

these cells. In comparison, silver sputtering, besides being a rapid and reproducible 

technique to deposit silver particles with controllable size, produced an LOD for cholesterol 

and 7-DHC standards similar to silver deposition by AgNO3 solution. More importantly, 

dehydrogenation signals decreased with sputtered silver, which allows higher accuracy and 

reproducibility when measuring the ratios of 7-DHC/cholesterol. Colloidal AgNP did not 

produce significant dehydrogenation peaks, but the LOD is relatively high at ca. 5 

pmol/mm2, which is consistent with the value reported previously [12]. Interestingly, 

colloidal AgNP MALDI-IM-MS also led to the detection of peaks that are two mass units 

higher than the expected m/z values when analyzing 7-DHC standard (i.e., peaks with m/z of 

[7-DHC+Ag+2H]+). A comparison of these three methods of silver application is 

summarized in Table 1.

We note that even though sputtered silver gave the least amount of dehydrogenation peaks, 

this process was not fully eliminated. In fact, as seen in Figure 2, the integrated relative 

signal (to the base peak) from dehydrogenation of the [7-DHC+107Ag+] adduct is more than 

four times that from dehydrogenation of the [cholesterol+107Ag+] adduct, suggesting the 

doubly unsaturated 7-DHC is more prone to oxidation (dehydrogenation) than cholesterol in 

the gas phase. This observation is consistent with the high oxidizability of 7-DHC in 

solution and liposome [27]. Indeed, 7-DHC was found to be the most reactive lipid molecule 

known to date in a free radical-mediated oxidation reaction in solution, a property that may 

be important to the understanding of its gas-phase behavior [27].

Analysis of Cholesterol and 7-DHC in Control and SLOS Human Fibroblasts

Control and SLOS human fibroblasts were grown in lipid-reduced medium for 6 d to allow 

de novo biosynthesis of cholesterol, which is necessary for the accumulation of 7-DHC in 

these cells [25]. To obtain the LOD of cholesterol in cells, the human fibroblast cells were 

trypsinized, suspended at different concentrations in PBS buffer, and then spotted on ITO-

coated glass plates (leading to spots of 100, 1000, and 10,000 cells/mm2) for assaying with 

sputtered Ag MALDI-IM-MS (Figure 3). We found that a minimum density of ca. 1000 

cells/mm2 was required to achieve a S/N ratio of 3 from the [cholesterol+Ag]+ peaks in 

control and SLOS human fibroblasts. However, we want to point out a potentially important 

difference between trypsinized cells and the monolayer cells adhering to the surface of glass 

plates (non-trypsinized). Non-trypsinized cells are elongated on the plates and occupy large 

surface areas, whereas trypsinized cells are rounded up and present less surface area. 

Therefore, it is possible that the non-trypsinized monolayer cells will provide different 

figures-of-merit from the trypsinized cells in the MALDI process.

To extend our methodology to analyzing cholesterol and 7-DHC in cells in situ, we grew 

human fibroblast monolayer cells directly on poly-L-lysine-coated ITO glass plates for 6 d 
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in cholesterol-free medium. The cell density was estimated to be 1200–1300 cells/mm2 

based on the initial cell numbers (500,000 cells/plate) and the doubling time of these cell 

lines (72 h). The optimum sputtering time for achieving the greatest signal intensities when 

analyzing these monolayer cells was found to be 300 s (Supplementary Figure S3), although 

signal intensities for 600 and 900 s were only slightly reduced from 300 s. Using sputtered 

silver MALDI-IM-MS analysis, [cholesterol+Ag]+ and [7-DHC+Ag]+ signals are clearly 

observed in these monolayer cells (Figure 4). Utilizing these conditions, the 7-DHC/

cholesterol ratio was evaluated, which is represented by the ratio of m/z 491 (specific for [7-

DHC+107Ag]+) to 495 (specific for [cholesterol+109Ag]+), in SLOS human fibroblasts. This 

ratio was determined to be 0.54±0.16, whereas the same ratio was found to be 0.21±0.02 in 

control human fibroblasts. Furthermore, the ratio for control cells is likely to be 

overestimated because of the dehydrogenation ion (m/z 491) formed from the corresponding 

[cholesterol+Ag]+ peak (m/z 493), as control cells are known to have detectable but low 

levels of 7-DHC [25]. On the other hand, the ratio for SLOS cells is likely to be 

underestimated because of the dehydrogenation of [7-DHC+107Ag]+ (m/z 491) and high 

level of 7-DHC in these cells. In support of this interpretation, we found that although 300 s 

of silver sputtering gave highest signal intensity in the cells tested, 100 s of sputtering led to 

less dehydrogenation of the silver adducts, yielding a 7-DHC/cholesterol ratio of 0.86±0.18 

and 0.14±0.02 for the same SLOS and control fibroblast samples, respectively. This 

observation again suggested that the [7-DHC+Ag]+ adducts are more prone to 

dehydrogenation in the gas phase than the [cholesterol+Ag]+ adducts.

Imaging of Cholesterol, 7-DHC, and 7-DHC/Cholesterol in Control and SLOS Human 
Fibroblasts

Owing to the optical transparency of the ITO-coated glass plates, both optical and MS 

images on the monolayer cells for co-registration were obtained. The m/z of 491 and 495 

were imaged using imaging IM-MS of both control and SLOS human fibroblasts (Figure 4), 

where increased levels of 7-DHC and decreased levels of cholesterol are observed in the 

SLOS versus control fibroblasts, respectively.

Co-registration of a representative pair of optical images with the imaging IM-MS image is 

shown in Figure 5a, and additional images of this type are presented in Supplementary 

Figures S4 and S5. From these images, the MS signal intensity is low or absent in regions of 

low cell density or gaps on the plate and the MS signal is high where the cell density 

increases. Although we are not claiming single cell detection because of the current 

instrument limitations (e.g., laser irradiation dimensions, minimum step, sensitivity, etc.), 

the spatial resolution of this sputter-coated silver approach may lead to single-cell MALDI-

MS imaging of sterols in the future.

Images corresponding to the ratios of 7-DHC/cholesterol in control and SLOS human 

fibroblasts were also obtained from matched images. As illustrated in Figure 5b, in a cell-

covered region, the 7-DHC/cholesterol ratios are distinctly larger in SLOS samples than in 

controls. This demonstrated the capability of this technique in obtaining the ratio of 7-DHC/

cholesterol in a high-throughput fashion attributable to the requirement for minimum sample 

processing, and its potential application in diagnosing/assaying the severity of cholesterol 
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biosynthesis diseases, such as SLOS. The exceptional susceptibility of 7-DHC to oxidation, 

which leads to the formation of cytotoxic oxidative metabolites [28, 29], underscores the 

need for such rapid diagnostic methods as developed here [8, 9, 30, 31].

Conclusions

Here we demonstrated the application of gas-based sputtered-silver MALDI-IM-MS in 

profiling cholesterol and its biosynthetic precursor, 7-DHC, from spotted and plated cells, 

and in imaging IM-MS of plated cells. Using this approach, fibroblast cells from normal 

individuals and SLOS patients may be rapidly differentiated by assaying the levels of 

cholesterol and 7-DHC in small numbers of trypsinized or monolayer cells (1000 

cells/mm2). We also successfully imaged cholesterol, 7-DHC, and 7-DHC/cholesterol ratios 

in both control and SLOS human fibroblast cell monolayers that were grown directly on the 

glass sample plates. The MALDI-IM-MS approach allows high throughput profiling and 

imaging of cell culture assays in cases where it offers sufficient sensitivity of detection for 

the analytes. In contrast, LC approaches require additional multiple steps including lipid 

extraction, evaporation, and re-constitution of the extracts. The MALDI-IM-MS method can 

potentially be expanded to analyze or image other sterol precursors and olefins that share 

unconjugated double bond systems present in cholesterol and 7-DHC. The capability to 

image cholesterol precursors to cholesterol ratios directly on intact monolayer cells with 

minimum sample processing may provide a high-throughput screening assay for agents that 

alter cholesterol biosynthesis. Inhibition of cholesterol biosynthesis leads to detrimental 

accumulation of cholesterol precursors, but up-regulation of the expression of cholesterol 

biosynthesis enzymes, such as DHCR7, may provide an opportunity to develop new therapy 

for cholesterol biosynthesis disorders like SLOS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sputtered silver MALDI-IM-MS analysis of cholesterol standard on an ITO-coated glass 

MALDI plate. (a) Scanning electron microscopy image of nanoparticles formed from 

sputtered silver. Average particle size is approximately 20 nm. (b) Two-dimensional IM-MS 

spectrum of cholesterol standard. Cholesterol-silver adducts are highlighted in the white 

box. (c) Mass spectrum of cholesterol-silver adducts without IM separation (i.e., integrated 

across all drift times between m/z 488 and 498). Peaks corresponding to cholesterol and 

related species are labeled “C” and chemical noise is labeled with asterisks *. (d) Mass 
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spectrum of cholesterol-silver adducts over the ion mobility drift time region indicated by 

dashed lines in (a). Significant S/N improvement of cholesterol is achieved via exclusion of 

chemical noise
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Figure 2. 
Comparison of sputtered Ag, solution AgNO3, and colloidal AgNP in the MALDI-IM-MS 

analysis of (a) cholesterol standard at 39 pmol/mm2 and (b) 7-DHC standard at 36 

pmol/mm2. The theoretical distribution of [cholesterol+Ag+] and [7-DHC+Ag+] species is 

indicated by the offset dashed-lines in the middle panels for reference
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Figure 3. 
Analysis of sterols in SLOS (a) and control (b) human fibroblasts. Cells were trypsinized 

and different concentrations of the cell suspension were spotted on target. S/N ratios were 

estimated by integrating the spectrum and dividing the area corresponding to m/z 493 by m/z 

488 (corresponding to chemical and instrumental noise)
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Figure 4. 
Imaging IM-MS of cholesterol and 7-DHC in SLOS (a) and control (b) human fibroblasts 

grown directly on ITO-coated plates. The m/z of 491 is specific for [7-DHC+107Ag]+ and 

495 is specific for [cholesterol−109Ag]+
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Figure 5. 
(a) Imaging IM-MS of cholesterol at m/z 495 (left), an optical image of the field of cells 

(center), and an overlay of both images (right) illustrating co-registration of the optical and 

m/z images. (b) Imaging IM-MS of the ratio of [7-DHC+107Ag]+/[cholesterol+109Ag]+ (m/z 

491/495) in control (left) and SLOS (right) human fibroblast cells. The ratio of these two ion 

images is obtained through ratioing the signal intensities of each specific m/z at each pixel 

coordinate
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