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The capability to characterize disease states by way of determining novel 

biomarkers has led to a high demand of single cell and organelle analytical methodologies 

due to the unexpected heterogeneity present in cells of the same type. Lipids are of 

particular interest in the search for biomarkers due to their active roles in cellular 

metabolism and energy storage. Analyzing localized lipid chemistry from individual cells 

and organelles is challenging however, due to low analyte volume, limited discriminate 

instrumentation, and common requirements of separation procedures and expenditure of 

cell sample.  Using nanomanipulation in combination with mass spectrometry, individual 

cells and organelles can be extracted from tissues and cultures in vitro to determine if 

heterogeneity at the cellular level is present. The discriminate extraction of a single cell 

or organelle allows the remainder of cell culture or tissue to remain intact, while the high 

sensitivity and chemical specificity of mass spectrometry provides structural information 

for limited volumes without the need for chromatographic separation. Mass analysis of 

lipids extracted from individual cells can be carried out in multiple mass spectrometry 

platforms through direct-inject mass spectrometry using nanoelectrospray-ionization and 

through matrix-assisted laser/desorption ionization. 
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INTRODUCTION 

1.1  Single cell and organelle analysis 

A current search for “single cell analysis” in chemical abstract services results in 

over 35,000 references. Although still considered a field in its infancy, individual cell and 

organelle analyses have shown overwhelming significance and value due to the 

unexpected heterogeneity present in cells and organelles of the same type. Typical 

bioanalyses utilize digestion and extraction of analytes of interest from multiple cells in 

culture or tissues, which results in inherent averaging of population data and absence of 

spatial chemical information. Individual cells and their organelles have unique 

physiologies, governed by integral biochemical processes and responses to the 

stochastic surrounding microenvironment. This widely recognized heterogeneity insists 

upon novel investigations and metrological characterizations to provide fundamental 

answers to unknown biological inquiries. The obvious challenges in performing these 

investigations are the very small size of individual cells and the technological capabilities 

needed to specifically detect and determine cell-to-cell variability. Improvements in 

nanotechnology, separation devices, microscopy, spectroscopy, and mass spectrometry 

have all brought morphological and compositional single cell examinations into fruition. 

Each technological approach has its own benefits, shortcomings, and room for 

improvement, discussed in several recent and comprehensive reviews [1-9]. 

In order to analyze an individual cell, one must first be able to observe that cell. 

Optical microscopy is the oldest method for inspection of cells and subcellular 

components, used frequently today in combination with both labeled and non-labeled 
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approaches. Labeling cells for staining and fluorescence microscopy can be done 

genetically and chemically to provide chemically distinct contrast micrographs [7, 9]. This 

technique is sensitive and can provide spatial information in a high-throughput manner, 

however it does not provide specific structural information and the addition of chemical 

fluorophores can disrupt biological functions [4]. Raman spectroscopy is an example of a 

sensitive, non-labeled approach used with microscopy, which spectroscopically observes 

vibrational and rotational modes of analytes to provide chemical information while being 

nondestructive to the sample [10, 11]. Raman spectroscopic images can be created by 

scanning the area of interest to generate biomolecular spatial maps. Classes of 

biomolecules can be determined based on the Raman spectrum fingerprint obtained, but 

structural confirmations are non-specific at best and limited analyte concentrations have 

been known to be problematic [4]. Higher resolution cellular images can be obtained with 

scanning electron microscopy and transmission electron microscopy, yet sample 

preparation is extended (e.g. vitrification and sputter coating) to withstand irradiative 

damage, surface charging effects, and the vacuum conditions necessary for the electron 

beam [3]. 

Separation technologies have been put into place for single cell analyses, with the 

goal of singular isolation to identify heterogeneity and negate ensemble averaging of 

cellular populations. These include flow cytometry [12], microfluidic devices [13], laser 

capture microdissections [14], printed microarrays [15], capillary electrophoresis [16] and 

more, but chemical distinction often requires combination with more detailed analytical 

instrumentation for structural characterizations. Moreover, these approaches still require 



3 

exhaustion of cell culture or tissue sample and suffer from non-discriminate isolations vis-

à-vis cellular spatial information. 

Mass spectrometry methods using multiple ionization sources and mass analyzers 

have been frequently used in combination with and as single cell methodologies owing to 

its high sensitivity, chemical specificity, and detection of low quantities of analytes [4, 7]. 

Secondary ion mass spectrometry (SIMS) [17, 18] and matrix-assisted laser desorption/ 

ionization (MALDI) [19] approaches have been used for single cell mass spectrometric 

imaging [20, 21].  Individual organelles and cells have been physically extracted from both 

tissues and in vitro cultures and profiled using nanomanipulation-coupled mass 

spectrometry, for further details see Chapters 3-6. Regardless of the isolation or imaging 

method, the usefulness of obtaining biochemical information from individual has been well 

established and is a rapidly expanding field. 

1.2  Lipidomics 

Lipids are dynamic molecular components essential to cellular functionality and 

maintaining homeostasis. These naturally occurring ampiphilic or hydrophobic small 

molecules are ubiquitous in all living things, playing key roles in storage of energy, as 

building blocks of membranes, cellular signaling, and more. The emerging field of 

lipidomics focuses on determining alterations that occur in lipid metabolism by studying 

the networks and pathways of cellular lipids, and by identifying and quantifying the precise 

components of the lipidome [22, 23]. Advances in mass spectrometry instrumentation, 

such as soft ionization methods and improvement in mass accuracy capabilities, have 

enabled and improved detailed characterizations of several lipidomes. The results of 
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these works have been hugely successful in identifying new lipid species and offering 

insights to fundamental biological questions, but have simultaneously introduced 

complexity in determining the roles lipids play in metabolic function and in diseases such 

as cancer, diabetes, neurodegenerative disorders, and cardiovascular diseases [24]. 

Lipid diversity, isobaricity and isomericity, extraction efficiency, and differing levels of 

concentration of molecular lipids comprise some of the major challenges that add to this 

complexity. To address these challenges, targeted and untargeted lipidomics approaches 

have been developed in multiple methodological platforms to explicate characterization 

of the lipidome. 

Untargeted approaches, also known as global lipidomics, are unbiased in selecting 

for a specific lipid class, meaning that a wider mass range encompassing multiple lipid 

classes and total lipid extraction procedures are used [25]. To incorporate several lipid 

species with varying polarities for total lipid extraction,  liquid-liquid type extractions such 

as the Bligh & Dyer [26] or Folch [27] protocols are typical, which utilize varying ratios of 

methanol and chloroform to extract multiple lipid classes. Often, untargeted approaches 

are performed using high-resolution mass spectrometers to search for biomarkers as the 

approach attempts to ionize everything in the sample simultaneously [25]. Targeted 

lipidomics approaches are specific in selecting for distinct lipids and classes, where 

extraction, ionization, fragmentation, and detection conditions are optimized [28]. This 

allows for the acquisition of quantitative data, using techniques such as neutral loss 

scanning (NLS) [29], multiple reaction monitoring (MRM) [30], and precursor ion scanning 

(PIS) [31]. 
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Both targeted and untargeted lipidomics approaches use either of two fundamental 

techniques to introduce lipid samples into the mass spectrometer. Introduction can be 

performed following chromatographic separation, as in high-performance liquid 

chromatography-mass spectrometry (HPLC-MS) (previously referred to as high-pressure 

liquid chromatography) and gas chromatography-mass spectrometry (GC-MS). 

Alternatively, lipid samples can be directly introduced without the use of separation 

technologies, a term coined shotgun lipidomics in 2005 by Han and Gross [32]. Shotgun 

lipidomics has the benefits of reduced sample preparation and high-throughput 

capabilities for several lipid classes, but can suffer from ion suppression of low abundance 

lipid molecular species [33] and isotopic overlap [25]. Currently there are a few shotgun-

based platforms utilized, including multidimensional MS-based, tandem MS-based, and 

high mass accuracy-based lipidomics [34], which take advantage of the consistent lipid 

profile obtained from lack of separations. 

For lipid species of low abundance, HPLC-MS is preferred due to reduced ion 

density in the ionization source and removal of sample matrix [25]. HPLC separates 

analyte species using a high pressure pumping system to pass a mobile phase through 

a column packed with an adsorbent stationary phase. For typical lipid separations, 

reversed-phase HPLC-MS is used which uses a nonpolar column as its stationary phase 

with varying polarity mobile phases. The choice in width of the column, size of adsorbent 

stationary phase particles, and flow rate chosen all have important roles in successful 

separation and quantification of analyte components. Untargeted platforms are normally 

coupled with HPLC separations, which aid in low-abundance lipid identification [35], 

however lengthy runtimes and complex ion suppression with gradient HPLC methods are 
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of concern [25, 36]. The recent introduction of ultra-HPLC (UHPLC) and nanoflow (nL/min 

flow rate) have helped to shorten runtimes, improving throughput, while also improving 

chromatographic resolution and sensitivity [33]. 

1.3  Lipid Effects on Disease 

Originally, lipids were thought to only participate as structural components of 

cellular membranes and in energy storage. However, advances in biological technologies, 

particularly in the field of mass spectrometry, and means in which to analyze lipids have 

shown them to have far more diversity and multifaceted portrayals in cellular function than 

thought previously. It has now been made clear that lipids are involved in altered 

metabolism, apoptosis, membrane trafficking, regulation of membrane proteins, cellular 

signaling, inflammation and more [23, 24, 29, 37], which has driven the need for further 

exploration in lipidomics-type studies. Lipid synthesis and regulation are crucial aspects 

in maintaining cellular homeostasis, and errors that occur in these fundamental processes 

cause an abundance of conditions such as dyslipidemia, cancer, obesity, diabetes, and 

others [24]. 

1.3.1 Obesity 

Obesity is classically defined as having excess body fat, a condition now that has 

globally reached epidemic proportions. Excess body fat, or adiposity, has detrimental 

effects on health, predisposing individuals to additional conditions including diabetes, 

cancer, and cardiovascular disease [24]. Triacylglycerols (TAGs) are the major lipid 

component that makes up excess fat in adipose stores, consisting of three fatty acids 
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esterified to a glycerol backbone. TAGs are largely stored in organelles called lipid 

droplets, along with cholesteryl esters. In adipocytes, or fat cells, lipid droplets take up a 

majority of cellular space with the nucleus offset. The negative mechanism in which 

excess fat affects functionality of tissues is still a topic of debate. Obesity induces 

physiological changes that alter lipid transport and storage, insulin response, cytokine 

production, autophagy, and vasculature [24, 38, 39]. These effects are thought to cause 

deterioration of metabolic resilience and the effectual inefficient regulation of lipolysis [24], 

the catabolic breakdown of TAGs. 

1.3.2 Cancer 

The simplest definition of cancer is abnormal cell growth, yet there is no succinct 

nor definite way to explain causes, pathophysiology, or progression of the several types 

of cancer that occur. What has been made explicit, is that altered lipid metabolism is a 

fundamental constituent in tumor evolution [24, 40, 41]. The interaction between 

adipocytes in the vicinity of the tumor milieu has been documented well enough for a 

distinct designation of such cells, cancer-associated adipocytes (CAAs) [42-44]. These 

adipocytes undergo delipidation, which alters phenotype, and form reciprocal pathways 

with cancer cells, aiding in tumor development and progression in mechanisms that have 

yet to be fully characterized [42, 43]. Furthermore, altered lipogenesis, the formation of 

fatty acids and subsequent TAGs, is associated with cancer [44-46] and has been 

suggested to aid in protecting the tumor from therapeutic actions [46]. Exogenous lipids 

from dietary intake are an area of concern and debate for cancer occurrence. Numerous 

studies have indicated that increased consumption of cholesterol and fats correlates with 
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an increased risk of certain cancers [47-49], while others have indicated the contrary [50, 

51].  

 

1.3.3 Diabetes mellitus type 2 

 Another condition affected by altered lipid metabolism, type 2 diabetes, is an 

enormous and escalating problem. The disease is considered a progressive condition 

which can be ameliorated but not cured, and has increased risks of comorbiditiy with 

cardiovascular diseases, and limb amputations. Type 2 diabetes has known linkages with 

obesity, although the exact mechanism explaining the association remains unknown. A 

requirement for diabetes is impaired or dysfunctional β-cells [24], which regulate insulin, 

and use diacylglycerols (DAGs), intermediates in breakdown and synthesis of TAGs, as 

signaling molecules [52]. Those diagnosed with type 2 diabetes are characterized 

primarily by insulin resistance and hyperglycemia, but recent work has suggested that 

dyslipidemia may have an important role in the progression of the disease [53, 54]. 

Dyslipidemia is characterized by an excess of TAGs in the blood and decreased high-

density lipoprotein (HDL) cholesterol [54], which is the “good” form of cholesterol to detect 

in blood lipid profiles.  

 

1.3.4 Cardiovascular Disease 

 Altered lipid metabolism has presence in cardiovascular disease as well, which is 

actually a class of diseases relating to blood vessels and the heart that are responsible 

for the highest cause of global death annually [55]. Lipid intermediates, for example 

DAGs,  long chain fatty acyl-CoAs, and ceramides, can accumulate in non-adipose 
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tissues causing cell death and dysfunction in a syndrome called lipotoxicity [24, 56]. 

Adipocytes are well suited to store large amounts of lipids, but too much accrual and 

defective storage capacity leads to spillover in other cell types like the heart, kidney, and 

liver [56]. In cardiomyocytes, excess lipids can induce diastolic and mitochondrial 

impairment as well as apoptosis and cardiomyopathy [24]. The conditions correlated with 

dyslipidemia are also associated as risk factors for atherosclerosis, which is characterized 

by thickening of arterial walls initiated by lipoprotein accumulation [24]. 

1.4  Conclusion 

The highly involved role of lipids in metabolic function and related disorders is 

undeniable at this point. The age of lipidomics is one that will continue to grow and 

develop, with advances in qualitative and quantitative characterizations of the 

constituents of the lipidome. Those that use single cell and organelle approaches, 

especially in high-throughput methodologies, will provide extensive information to answer 

fundamental questions regarding altered lipid metabolism and unknown biomolecular 

mechanisms. 
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INSTRUMENTATION 

2.1  Mass Spectrometry Instrumentation 

 Modern mass spectrometry has experienced enormous development as an 

analytical technique with significant improvements in sample introduction, resolution, and 

sensitivity. Mass spectrometers require three major components: an ionization source, 

one or more mass analyzers, and a mass detector. The ionization source is used to 

transition the analyte of interest into the gas phase, the mass analyzer selects and 

separates the ionized masses, and the detector identifies the abundance of ions as a 

function of mass-to-charge ratio. Although there are many varieties of ionization sources 

and mass analyzers available, the focus of this chapter spans the instrumentation and 

techniques used over the course of this research.  

 

2.1.1 Quadrupole  

 Linear quadrupoles are a type of scanning mass analyzer consisting of a parallel 

arrangement of four metal rods, the shape of which can have circular or hyperbolic cross 

sections. Direct-current (DC) and radio-frequency (RF) voltages are applied to opposite 

connected rods, which creates an oscillating electric field selecting for ions of a specific 

mass-to-charge ratio. The charged molecules pass through the quadrupole to the 

detector, which is not contingent on initial ionic kinetic energy like in time-of-flight (TOF) 

analyzers, depending on the electric potentials applied [57]. The shape of the rod and any 

defects substantially effect the quality of the electric field created, so it is of utmost 

importance to have precisely machined and defect-free quadrupoles for mass spectral 
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analysis. Typically, a triple quadrupole mass spectrometer set up is used, which consists 

of three separate quadrupoles in sequence, although quadrupoles operating in RF only 

mode often act as ion guides to other types of mass analyzers. The first quadrupole in a 

triple quadrupole is used as a mass selector, the second as a collision cell, and the third 

as a mass detector. The second quadrupole uses a buffer gas to collide with selected 

precursor ions for fragmentation into product ions, for mechanistic details see the 

collision-induced dissociation in section 2.2 of this chapter. A triple quadrupole mass 

spectrometer is often used for quantitative analysis, and is known for high sensitivity and 

high ion transmissions due to superior axial ionic focusing [57]. However, the resolution 

of commercial triple quadrupoles is low (~1 amu), and normally limited to low mass 

analyses below m/z 4000, due to poor focusing efficiency and unstable trajectories at 

higher masses [57]. Triple quadrupoles can take advantage of the MRM technique, which 

is often used in targeted lipidomics approaches to quantify specific molecular lipids and 

is often performed following HPLC separation [36]. In the first quadrupole, the m/z ratio 

of precursor ion is selected for and subsequently fragmented in the second quadrupole. 

The third quadruple also is selecting for specific m/z fragments of the precursor ion, the 

abundance of which is monitored by the detector. 

2.1.2 Ion Trap 

Ion traps are mass analyzers that have the ability to electrically and/or magnetically 

select for the simultaneous transmission of all charged gaseous molecules, also using an 

oscillating electric field. The three major types of ion traps include the Paul trap, the 

Penning trap, and the Kingdon trap. The Paul trap, also known as a 3D or quadrupole ion 
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trap (QIT), is credited to Wolfgang Paul and developed further by Stafford [57]. This mass 

analyzer consists of a ring electrode with hyperbolic or ellipsoid endcaps which act to 

store ions in a quadrupolar field [57]. It confines ions within the selected for mass range 

concurrently, within a 3D trajectory, and ions are resonantly expelled at increasing mass-

to-charge ratios. A huge benefit of using an ion trap as a mass analyzer is the capability 

for multiple tandem mass spectrometry events, which allows for fragments spanning 

multiple generations to be detected (MSn) [57]. Helium gas is frequently used to reduce 

expanding ion trajectory by colliding with ions in a normal mass scan, but is also utilized 

as the collision gas in tandem mass spectrometry [57]. Precursor ions are selected while 

all other mass-to-charge ratios are expelled from the trap, followed by collisions with 

helium and resonant ejection, or further fragmentation of selected product ions [57]. The 

ion trap does have notorious shortcomings in suffering from space charge effects and ion 

suppression, making only semi-quantitative analysis possible.  

 A newer type of ion trap, the 2D or linear ion trap (LIT), is closer in resemblance 

to a quadrupole mass analyzer. It consists of a square array of hyperbolic rods, often 

segmented into three divisions, that confines ions both axially and radially by applying RF 

and DC voltages to all four rods, which have end lenses that act to repel trapped ions 

[58]. While similar to a quadrupole ion trap in the aspect of simultaneous detection of all 

charged molecules and multiple tandem mass spectrometry capabilities, the LIT has 

higher ion trapping capacity and less space charge effects due to greater ion volume of 

the trap itself [57, 58]. The LIT can act as a stand-alone mass analyzer, but can also be 

utilized as an ion guide when used in combination or in tandem with other mass analyzers. 
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Throughout a scan, the RF voltage is ramped up and ions are axially ejected at increasing 

mass-to-charge ratios towards a detector.  

 

2.1.3 Orbitrap 

 The electrostatic trap or Orbitrap, short for orbital trapping and aptly named by the 

motion of trapped ions, is based on a Kingdon trap and is one of the newest type of mass 

analyzers. Proposed by Makarov [59] and sold commercially by Thermo Electron 

Corporation starting in 2005, the Orbitrap uses Fourier transform of the frequency signal 

to attain high resolution mass spectra [57] using only electrostatic fields [60]. Newer 

Orbitrap systems, like the Orbitrap Fusion Lumos mass spectrometer, state resolving 

power up to 500,000 full width at half maximum (FWHM) at m/z 200 by using a 

quadrupole, linear ion trap, and Orbitrap in tandem and <1 ppm mass accuracy when 

using internal calibration. Other mass analyzer sequences using the Orbitrap are 

available, and it has the capability to be coupled with LC devices [61]. The trap itself 

consists of an outer barrel-shaped electrode and an inner spindle-shaped electrode, 

where ions travel around the inner electrode in orbital motion while simultaneously 

oscillating in the z direction [60].  Ion packets that enter the Orbitrap are required to have 

stable temporal and spatial distributions, which is accomplished by injection using a “C-

trap” with radial ejections of ions, a LIT which enables MSn tandem capabilities useful for 

structural elucidation, or electrostatic acceleration lenses [60]. It should be noted that the 

“C-trap” also allows for fragmentation of precursor ions before entering the orbitrap, in a 

technique called higher-energy collisional dissociation [62].  
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2.2  Collision-Induced Dissociation 

 Collision-induced dissociation (CID), sometimes called collisionally activated 

dissociation (CAD), is a dissociation mechanism often used in tandem mass spectrometry 

experiments.  Tandem mass spectrometry, frequently called MS/MS, refers to multi-stage 

mass spectrometry whereby a precursor ion is selected, subjected to a dissociation 

mechanism, and the product ions are analyzed, often revealing structural information 

about the precursor ion [63].  For CID, the dissociation of the precursor ion takes place 

following collisional excitation.  The selected precursor ions are first accelerated to a high 

kinetic energy by an applied electrostatic field, and then undergo collisions with target 

buffer gas molecules, such as helium or argon. The collisional excitation event is rapid 

(10-15 to 10-14 seconds), involving the conversion of translational energy into internal 

energy of both precursor ion and target [64]. The  activated precursor ion will then 

dissociate into product ions, provided that the energy incurred is substantial for bond 

rupture [64], see Figure 2.1. Structural information regarding the fragmentation pattern of 

precursor ion is obtained from product ions detected, the relative abundances of which 

reflect dissociation pathways, and lost neutral species. 

 High-resolution mass spectrometers, such as the Orbitrap or a Fourier transform 

ion cyclotron resonance (FTICR) instrument, can provide preliminary confirmations of lipid 

molecular species. However, many structural isomers exist in lipid precursor and product 

species, so further structural characterization techniques are sought to elucidate positions 

of fatty acids, location of double bonds, and stereochemistry of those double bonds. For 

structural determination, CID spectra can provide a general idea of lipid precursors based 

on the relative abundance of product ions [65]. High-energy CID uses >1 keV collisional 
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energy of projectile ions to produce charge-driven and charge-remote fragmentations 

indicative of acyl chain location [66, 67]. This is not to be confused with higher-energy 

collisional dissociation (HCD), which uses an external collision cell to fragment ions 

before reaching the Orbitrap, improving sensitivity and resolution [62]. CID can also be 

coupled with ozone-induced dissociation (OzID) for selective cleavage of lipid 

stereospecific numbering (sn) positions and determination of double bond positions within 

acyl chains [68, 69].  

 

Figure 2.1 CID schematic showing selection and fragmentation of precursor ions, followed 

by detection of product ions. Example spectra shown below display fragmentation of TAG 

precursor ion m/z 825.693 revealing structural information with specific fatty acid losses. 

These spectra were obtained using a MALDI-LTQ-XL-Orbitrap mass spectrometer.  
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2.3  Ionization Sources 

2.3.1 Electrospray and Nanoelectrospray Ionization 

The advent of electrospray ionization (ESI) for mass spectrometry is due to its soft 

ionization and production of multiply charged ions, allowing for analysis of solutes with 

high molecular mass such as proteins, polymers, and nucleic acids without propensity for 

fragmentation. This innovative ionization mechanism has completely changed biological 

mass spectrometry, and was recognized in the form of a Nobel Prize to John Fenn in 

2002, but is also attributed significantly to Malcolm Dole. ESI is a highly sensitive 

technique that is easily and often coupled with separation devices like capillary 

electrophoresis or HPLC [57]. In ESI-MS, gaseous ions are ultimately introduced into the 

mass analyzer in three processes: charged droplet formation, reduction of droplet size, 

and production of gas-phase ions. 

First, a high voltage (typically 3-4 kV) is applied to an electrospray needle which 

holds solvent containing analytes of interest and a form of charge carrier or electrolyte 

with a 1-10 µL flow rate [57]. The charge carrier aids in induction of conductivity to the 

electrospray solution, adjustment of solution pH, and formation of adduct ion [70].  The 

high voltage causes the liquid to form a Taylor cone at the end of a capillary tip [71], 

followed by an expulsion of a fine jet of charged droplets. This occurs in atmosphere, in 

the presence of coaxial pneumatically assisting sheath gas, towards a heated capillary 

which serves as the interface between vacuum and atmosphere. As charged droplets 

enter the heated capillary, the heat and interaction with sheath gas acts to evaporate the 

solvent, causing the droplets to become smaller which increases their charge density. 
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Eventually, the repulsion of charges within the droplet overcomes the surface tension, 

and the droplets undergo coulomb fission into smaller droplets [72].  This fission process 

repeats itself as evaporation of solvent continues, until charged molecules in the gas 

phase enter the mass analyzer, see Figure 2.2. 

 

Figure 2.2 ESI schematic representing Taylor cone and charged droplet formation in 

presence of nitrogen sheath gas, solvent evaporation, and continuous fission into smaller 

charged droplets and eventual gaseous ions. 

 Nanoelectrospray ionization (NSI) is simply ESI performed with a very low solvent 

flow rate (typically hundreds of nL/min) without the requirement of sheath gas, to 

introduce smaller quantities of analyte into the mass spectrometer. NSI uses a spray tip 

with a smaller tip opening than ESI (1-10 µm [73]), the flow of which is not forced and is 

determined by the tip opening diameter and applied electric field [72]. The decrease in tip 

opening size allows for the creation of smaller initial charged droplets to form, and is 

useful for the reduction of electric gas discharges when using water as a neat solvent 
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[72]. Additionally, the smaller initial droplets formed decrease the presence of impurities 

like salt contamination [74], and nanospray capillaries are consumable items, which 

removes possible “memory effects” from ESI contamination [75]. The voltage applied to 

the nanospray capillary is often lower than those in ESI experiments, typically 1-2.5 kV. 

NSI is especially useful when sample consumption is a concern, and has shown to have 

higher ionization efficiency from source to detector, improved sensitivity, and reduced 

matrix effects when compared to ESI [73, 76, 77]. However, some analytes have shown 

suppression or delay of signal when using NSI [75], although this has been attributed to 

retention of positive ions on negatively charged glass surfaces. Additionally the scale of 

the tip opening diameter can negatively affect flow rate reproducibility and subsequently 

quantitative comparison [75].  

 

2.3.2 Matrix-Assisted Laser Desorption/ Ionization 

 Similar to ESI, matrix-assisted laser desorption/ ionization (MALDI) is considered 

a soft ionization method that is widely used and revolutionary for biological analyses. The 

popularity of this ionization method can be attributed to the success in characterizing 

proteins and peptides, but MALDI has shown substantial achievements in several other 

fields. The ionization technique uses a laser (either UV or IR) desorption event to create 

gas-phase ions found in a liquid or solid matrix, with low (1- or 1+) charge states as 

dominant species [78]. During the desorption event, the laser causes the release of 

analyte and matrix molecules from the surface, which creates an expanding plume where 

primary and secondary ion formation processes occur [78, 79], see Figure 2.3. The matrix 

applied is used to absorb energy from the laser source, which promotes ionization of 
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analyte molecules, and is utilized in adduct transfer reactions [79, 80]. Additionally MALDI 

matrices are involved in the initial charge separation of ion generation, as well as 

prevention of ion pair reformation [79].  It should be noted that some molecules do not 

require the use of matrix, especially those that inherently absorb the wavelength of the 

laser being used [78]. These molecules are typically aromatic or largely conjugated (e.g. 

chlorophyll [81], polycyclic aromatic hydrocarbons [82], and fullerenes [83]),  and can be 

introduced into the mass analyzer solely with the laser desorption event, a technique 

called laser desorption/ionization (LDI). 

Figure 2.3 MALDI schematic. The laser desorption/ ionization event creates a reactionary 

plume of matrix and analyte molecules. 

MALDI is often used in combination with mass spectrometry imaging (MSI) [84-

86], which provides spatial distribution of analytes of interest, most often used in tissue 

sections or biopsies. A mass spectrometry image is created with each pixel representing 



27 

a unique mass spectrum obtained from the laser desorption spot in the tissue, see Figure 

2.4. Locations of specific ions can be queried from the image created, which generates a 

heat map displaying intensity of the target specified. This is frequently used in pathology 

to localize proteins [87-89], lipids [90-92], and other small molecules [93, 94] in tissues, 

but has also been used in forensic applications such as drugs found in hair samples [95, 

96] and fingerprints [97, 98]. While MSI is an exciting and continually developing field, it

has been shown to be limited in accomplishing high spatial resolution due to laser spot 

size, application of matrix, preparation of tissue, sensitivity for low analyte concentrations, 

and sampling size [99, 100]. 

Figure 2.4 Examples of MALDI-MSI created by selecting for specific 

glycerophosphocholine species found in 20 µm thick sections of human breast tissue 

post-lyophilization. The matrix used here was DHB applied by the sublimation method. 

Scale bar 1 mm. 

The effect and importance of the matrix chosen and sample preparation for MALDI-

MS analysis cannot be overstated. There are several methods for deposition of matrix, 
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such as the dried droplet method (co-crystallization) [101, 102], electrospray deposition 

[103, 104], sublimation [105, 106], droplet blotting [107], crushed crystal [108], spin-

coating [109, 110], and more [111]. Typical matrices are solvent-based, miscible with 

analyte, highly conjugated or aromatic structures which act as a molecule that absorbs 

the energy from the laser [112]. Organic matrices are often acidic, acting as proton-

donators to the analyte [78] in secondary reaction processes [79]. Commonly used 

organic matrices for proteins and lipids include 2,5-Dihydroxybenzoic acid (DHB), α-

Cyano-hydroxycinnamic acid (CHCA), and Sinapinic acid (SA), with DHB proving to be 

better for lipid analysis [111]. For MSI of tissues, the technique for matrix application is 

especially important. Liquid solvents containing the matrix can cause delocalization of the 

chemistry present on the surface of the sectioned tissue [99], where the application of 

sublimation has acted as common method for amelioration of this problem [100].  

 The crystal size of the matrix is also very important for MALDI-MS and MALDI-

MSI.  Smaller crystal sizes vaporize more readily than larger crystals [79, 105, 112], 

however larger, flat crystals and surfaces are desired when using a time-of-flight (TOF) 

mass analyzer to ensure that the starting kinetic energies of the ions are at the same 

“height” in the field [78].  Uniformity of matrix crystals is an additional area of concern. 

The lack of uniformity leads to “hot spots” and heterogeneity of analyte signal in the co-

crystallized surface [103, 104, 109, 112], contributing to one of the reasons why MALDI-

MS has traditionally been considered non-quantitative [113]. Finding the right matrix and 

deposition technique for the analyte is often complicated, yet has a direct effect on the 

results obtained. In addition to the crystal size and shape, matrix signal interferences are 

a significant concern when using MALDI, especially when the analytes of interest are 
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within the same mass range [112]. This is normally a problem for low molecular weight 

analytes below m/z 1500 [78, 113].  

 

Figure 2.5 A. Optical image of a breast tumor tissue section obtained from the MALDI 

camera. B. MALDI-MSI selection for [PC 36:4 + H]+ commonly found in cellular 

membranes. C. MALDI-MSI displaying localization of [TG 52:3 + Na]+. D. Example mass 

spectrum obtained from the MALDI imaging experiment on the tissue section with SLIM 

silver nanoparticles as a matrix, showing both sodium and silver adducts of TAG species. 

Images and spectra were produced using a MALDI-LTQ-XL-Orbitrap mass spectrometer.  
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 To overcome these interferences, as well as avoiding the loss of chemical spatial 

information for tissue analysis, alternative matrices and methods for deposition have been 

sought after and developed. These include graphene [114-117], metal nanoparticles [97, 

118, 119], porous silicon surfaces for desorption/ionization on silicon (DIOS) [120, 121], 

and carbon nanotubes [122, 123] to mention a few. A novel matrix application of metal 

nanoparticles was done recently through soft-landing ion mobility (SLIM) of silver clusters 

to image fingerprints [97]. SLIM lands metallic species onto substrates at kinetic energies 

below 1.0 eV [124-126], which allowed for improved signal of molecular ion peak, reduced 

matrix background noise, and was nondestructive to the sample due to the low kinetic 

energy used [97]. SLIM can be used for deposition of silver onto tissues for MALDI-MSI 

as well but still needs improvement in optimization of matrix coverage, see Figure 2.5. 

The call for novel matrices and deposition tools remains an active field for MALDI-MS, 

with the goal of improving sensitivity, spatial resolution for MSI, and overall quality of MS 

data obtained. 

2.3.2.1 Surface Characterization of Matrix using Scanning Electron Microscopy 

Nano-material research requires instruments capable of morphological 

observation and composition detection. Scanning electron microscopy (SEM) uses an 

electron beam scanned in a raster pattern over a surface to provide very high 

magnifications (+1,000,000) based on the reflection of electrons from the sample of 

interest. Minimal sample preparation is required for SEM, and analysis can take place in 

low or high vacuum conditions. The impacted electrons, known as backscattered or 

secondary electrons, give off emissions that can be detected compositionally or 



31 
 

topologically [127]. For high resolution surface imaging, it is necessary for low voltage of 

impacted electrons from the sample in order to distinguish between secondary and 

backscattered electrons [127]. Originally SEM was only usable for conductive surfaces 

 

Figure 2.6 A, B, and C display SEM micrographs of varying magnifications (see scale 

bars) displaying silver nanoparticles that were landed via SLIM onto breast tissue sections 

(A & B) or silicon surfaces for four hours. D. EDX spectrum obtained from localization on 

the actual tissue showing organic elemental composition. E. EDX spectrum obtained from 

a SLIM silver nanoparticle onto a silicon surface.  

because insulating material builds up an electrical charge where the beam comes into 

contact, which causes negative effects on the image produced [128]. In order to originally 

introduce non-conductive biological materials, the sample had to first be covered with a 

thin layer of metallic coating in order to be observed and produce quality images. The 
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charging effect can be reduced and nonconductive materials can be introduced and 

viewed in SEM by lowering the voltage of the electron beam or by decelerating the 

electrons before reaching the detector [128]. SEM is often combined with energy-

dispersive X-ray spectroscopy (EDX), which provides elemental composition due to the 

X-ray emissions that occur in samples from induction with the electron beam. During the 

event, an electron from an occupied upper level of an atom transitions to a lower level 

which creates an X-ray emission specific to each element [127]. This combination of 

techniques provides morphological and conformational information regarding the metal 

nanoparticles used as an alternative matrix for MALDI-MS, which cannot be performed 

with common optical microscopes lacking necessary magnification, see Figure 2.6 for 

examples. 

2.4  Nanomanipulation 

The combination of nanomanipulators with mass spectrometry has shown 

significant benefits for use in several forensic and biological applications [129-141]. As an 

improvement to micromanipulators, nanomanipulators have been introduced which have 

higher translational resolution (5 nm step size), making manipulation of biological 

materials and small particles feasible. The nanomanipulator used throughout this 

research was an L200, which originally was produced by Zyvex but is now owned by DCG 

Systems. This nanomanipulator is capable of holding up to eight piezoelectric joystick-

controlled nanopositioners for use in performing one or multiple experiments 

simultaneously. The nanopositioners can be fitted with nanospray capillaries, quartz or 

borosilicate manipulation probes, microgrippers which can hold onto individual cells, and 

microelectrodes which perform low-impedance electrical characterization e.g. for use in 
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electric potential measurement across a cellular membrane. Nanospray capillaries and 

microprobes of varying end-diameters were often pulled in-house, with the use of a P-

2000 tip puller from Sutter Instruments. Purchased nanospray capillaries were palladium-

gold coated with a 1.0 ± 0.2 µm from New Objective.In fine mode, the nanopositioners 

use 5 nm step sizes, and 100 nm in coarse mode. The range of motion includes two 

degrees of freedom for each nanopositioner with 12 mm in the X and 

 

Figure 2.7 Nanomanipulator schematic shown mounted onto an inverted microscope and 

utilizing two nanopositioners holding nanospray capillary end effectors for bottom-up 

manipulation of an analyte placed onto a glass slide. 

Z axes, and 28 mm in the Y axis. The nanomanipulator can be mounted to an inverted or 

upright microscope for bottom-up or top-down manipulation of samples, see Figure 2.7 

and Chapters 3 through 6 of this manuscript. By equipping the nanomanipulator with a 

pressure injector, injection of solvent and retrieval of cell content or particulate is made 
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possible with nanospray capillary end effectors and nitrogen gas. This approach to single 

cell analysis was shown valuable for single cells in tissue sections [138], whole cell 

digestions in vitro [140], and for individual organelles in a novel co-deposition method 

using two nanopositioners and MALDI-MSI [139]. The precise positioning capability of the 

nanomanipulator allow for non-destructive forensic techniques as well as removal of 

individual cells and organelles without damage to the remaining cells of the tissue section 

or culture dish. This aspect for biological applications is truly unique, in that most “single-

cell” technologies currently available require consumption of multiple cells or loss of 

spatial information due to non-discriminate extraction protocols. Nanomanipulation-

coupled mass spectrometry is a minimally invasive and sensitive technique that has 

shown and will continue to show its value, with particular focus in biological applications 

for single cell and single organelle work. 

2.5  References 

36. Ekroos, K. In Lipidomics; Ekroos, K., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA,

2012; pp 1-19. 

57. de Hoffmann, E.; Stroobant, V.; Editors Mass Spectrometry: Principles and

Applications, Third Edition; John Wiley & Sons, Ltd., 2007. 

58. Douglas, D. J.; Frank, A. J.; Mao, D.: Linear ion traps in mass spectrometry. Mass

Spectrom. Rev. 24, 1-29 (2005) 

59. Makarov, A.: Electrostatic Axially Harmonic Orbital Trapping: A High-Performance

Technique of Mass Analysis. Anal. Chem. 72, 1156-1162 (2000) 



35 
 

60.  Perry, R. H.; Cooks, R. G.; Noll, R. J.: Orbitrap mass spectrometry: instrumentation, 

ion motion and applications. Mass Spectrom. Rev. 27, 661-699 (2008) 

61.  Makarov, A.; Scigelova, M.: Coupling liquid chromatography to Orbitrap mass 

spectrometry. J. Chromatogr. A 1217, 3938-3945 (2010) 

62.  Olsen, J. V.; Macek, B.; Lange, O.; Makarov, A.; Horning, S.; Mann, M.: Higher-

energy C-trap dissociation for peptide modification analysis. Nat. Methods 4, 709-712 

(2007) 

63.  Murray, K. K.; Boyd, R. K.; Eberlin, M. N.; Langley, G. J.; Li, L.; Naito, Y.: Definitions 

of terms relating to mass spectrometry (IUPAC recommendations 2013). Pure Appl. 

Chem. 85, 1515-1609 (2013) 

64.  Hayes, R. N.; Gross, M. L.: Collision-induced dissociation. Methods Enzymol. 193, 

237-63 (1990) 

65.  Huang, Z. H.; Gage, D. A.; Sweeley, C. C.: Characterization of 

diacylglycerylphosphocholine molecular species by FAB-CAD-MS/MS: a general method 

not sensitive to the nature of the fatty acyl groups. J. Am. Soc. Mass Spectrom. 3, 71-8 

(1992) 

66.  Blais, N. C.; Truhlar, D. G.: High-energy collision-induced dissociation of diatomic 

hydrogen by atomic hydrogen. Astrophys. J. 258, L79-L81 (1982) 

67.  Cheng, C.; Gross, M. L.; Pittenauer, E.: Complete Structural Elucidation of 

Triacylglycerols by Tandem Sector Mass Spectrometry. Anal. Chem. 70, 4417-4426 

(1998) 

68.  Stahlman, M.; Pham, H. T.; Adiels, M.; Mitchell, T. W.; Blanksby, S. J.; Fagerberg, 

B.; Ekroos, K.; Boren, J.: Clinical dyslipidaemia is associated with changes in the lipid 



36 

composition and inflammatory properties of apolipoprotein-B-containing lipoproteins from 

women with type 2 diabetes. Diabetologia 55, 1156-1166 (2012) 

69. Mitchell, T. W.; Brown, S. H. J.; Blanksby, S. J. In Lipidomics; Ekroos, K., Ed.; Wiley-

VCH Verlag GmbH & Co. KGaA, 2012; pp 99-128. 

70. Cech, N. B.; Enke, C. G. In Electrospray and MALDI Mass Spectrometry; Cole, R.

B., Ed.; John Wiley & Sons, Inc., 2010; Vol. 2; pp 49-73. 

71. Taylor, G. I.; McEwan, A. D.: The stability of a horizontal fluid interface in a vertical

electric field. J. Fluid Mech. 22, 1-15 (1965) 

72. Kebarle, P.; Verkerk, U. H. In Electrospray and MALDI Mass Spectrometry; Cole, R.

B., Ed.; John Wiley & Sons, Inc., 2010; Vol. 2; pp 3-48. 

73. Karas, M.; Bahr, U.; Dulcks, T.: Nano-electrospray ionization mass spectrometry:

addressing analytical problems beyond routine. Fresenius' J. Anal. Chem. 366, 669-676 

(2000) 

74. Juraschek, R.; Dulcks, T.; Karas, M.: Nanoelectrospray-more than just a minimized-

flow electrospray ionization source. J. Am. Soc. Mass Spectrom. 10, 300-308 (1999) 

75. Chernushevich, I. V.; Bahr, U.; Karas, M.: Nanospray 'taxation' and how to avoid it.

Rapid Commun. Mass Spectrom. 18, 2479-2485 (2004) 

76. Wood, T. D.; Moy, M. A.; Dolan, A. R.; Bigwarfe, P. M., Jr.; White, T. P.; Smith, D.

R.; Higbee, D. J.: Miniaturization of electrospray ionization mass spectrometry. Appl. 

Spectrosc. Rev. 38, 187-244 (2003) 

77. Gabelica, V.; Vreuls, C.; Filee, P.; Duval, V.; Joris, B.; De Pauw, E.: Advantages and

drawbacks of nanospray for studying noncovalent protein-DNA complexes by mass 

spectrometry. Rapid Commun. Mass Spectrom. 16, 1723-1728 (2002) 



37 
 

78.  O'Connor, P. B. In Electrospray and MALDI Mass Spectrometry (2nd Edition); 2 ed.; 

Cole, R. B., Ed.; John Wiley & Sons, Inc., 2010; pp 185-213. 

79.  Knochenmuss, R. In Electrospray and MALDI Mass Spectrometry (2nd Edition); Cole, 

R. B., Ed.; John Wiley & Sons, Inc., 2010; pp 149-183. 

80.  Zenobi, R.; Knochenmuss, R.: Ion formation in MALDI mass spectrometry. Mass 

Spectrom. Rev. 17, 337-366 (1999) 

81.  Brown, R. S.; Wilkins, C. L.: Laser desorption Fourier transform mass spectrometry 

of chlorophyll A and chlorophyll B. J. Am. Chem. Soc. 108, 2447-8 (1986) 

82.  Dotter, R. N.; Smith, C. H.; Young, M. K.; Kelly, P. B.; Jones, A. D.; McCauley, E. M.; 

Chang, D. P. Y.: Laser Desorption/Ionization Time-of-Flight Mass Spectrometry of 

Nitrated Polycyclic Aromatic Hydrocarbons. Anal. Chem. 68, 2319-2324 (1996) 

83.  So, H. Y.; Wilkins, C. L.: First observation of carbon aggregate ions >C600+ by laser 

desorption Fourier transform mass spectrometry. J. Phys. Chem. 93, 1184-7 (1989) 

84.  Weaver, E. M.; Hummon, A. B.: Imaging mass spectrometry: From tissue sections to 

cell cultures. Adv. Drug Delivery Rev. 65, 1039-1055 (2013) 

85.  Addie, R. D.; Balluff, B.; Bovee, J. V. M. G.; Morreau, H.; McDonnell, L. A.: Current 

State and Future Challenges of Mass Spectrometry Imaging for Clinical Research. Anal. 

Chem. (Washington, DC, U. S.) 87, 6426-6433 (2015) 

86.  Aichler, M.; Walch, A.: MALDI Imaging mass spectrometry: current frontiers and 

perspectives in pathology research and practice. Lab. Invest. 95, 422-431 (2015) 

87.  Burnum, K. E.; Frappier, S. L.; Caprioli, R. M.: Matrix-assisted laser 

desorption/ionization imaging mass spectrometry for the investigation of proteins and 

peptides. Annu. Rev. Anal. Chem. 1, 689-705 (2008) 



38 
 

88.  Nicklay, J. J.; Harris, G. A.; Schey, K. L.; Caprioli, R. M.: MALDI Imaging and in Situ 

Identification of Integral Membrane Proteins from Rat Brain Tissue Sections. Anal. Chem. 

(Washington, DC, U. S.) 85, 7191-7196 (2013) 

89.  Grey, A. C.; Chaurand, P.; Caprioli, R. M.; Schey, K. L.: MALDI Imaging Mass 

Spectrometry of Integral Membrane Proteins from Ocular Lens and Retinal Tissue. J. 

Proteome Res. 8, 3278-3283 (2009) 

90.  Goto-Inoue, N.; Hayasaka, T.; Zaima, N.; Setou, M.: Imaging mass spectrometry for 

lipidomics. Biochim. Biophys. Acta, Mol. Cell Biol. Lipids 1811, 961-969 (2011) 

91.  Jiang, L.; Chughtai, K.; Purvine, S. O.; Bhujwalla, Z. M.; Raman, V.; Pasa-Tolic, L.; 

Heeren, R. M. A.; Glunde, K.: MALDI-Mass Spectrometric Imaging Revealing Hypoxia-

Driven Lipids and Proteins in a Breast Tumor Model. Anal. Chem. (Washington, DC, U. 

S.) 87, 5947-5956 (2015) 

92.  Ly, A.; Schoene, C.; Becker, M.; Rattke, J.; Meding, S.; Aichler, M.; Suckau, D.; 

Walch, A.; Hauck, S. M.; Ueffing, M.: High-resolution MALDI mass spectrometric imaging 

of lipids in the mammalian retina. Histochem. Cell Biol. 143, 453-462 (2015) 

93.  Svatos, A.: Mass spectrometric imaging of small molecules. Trends Biotechnol. 28, 

425-434 (2010) 

94.  Gemperline, E.; Rawson, S.; Li, L.: Optimization and Comparison of Multiple MALDI 

Matrix Application Methods for Small Molecule Mass Spectrometric Imaging. Anal. Chem. 

(Washington, DC, U. S.) 86, 10030-10035 (2014) 

95.  Flinders, B.; Cuypers, E.; Zeijlemaker, H.; Tytgat, J.; Heeren, R. M. A.: Preparation 

of longitudinal sections of hair samples for the analysis of cocaine by MALDI-MS/MS and 

TOF-SIMS imaging. Drug Test. Anal. Ahead of Print (2015) 



39 
 

96.  Musshoff, F.; Arrey, T.; Strupat, K.: Determination of cocaine, cocaine metabolites 

and cannabinoids in single hairs by MALDI Fourier transform mass spectrometry - 

preliminary results. Drug Test. Anal. 5, 361-365 (2013) 

97.  Walton, B. L.; Verbeck, G. F.: Soft-Landing Ion Mobility of Silver Clusters for Small-

Molecule Matrix-Assisted Laser Desorption Ionization Mass Spectrometry and Imaging of 

Latent Fingerprints. Anal. Chem. (Washington, DC, U. S.) 86, 8114-8120 (2014) 

98.  Kaplan-Sandquist, K.; LeBeau, M. A.; Miller, M. L.: Chemical analysis of 

pharmaceuticals and explosives in fingermarks using matrix-assisted laser desorption 

ionization/time-of-flight mass spectrometry. Forensic Sci. Int. 235, 68-77 (2014) 

99.  Brunelle, A.; Laprevote, O. In Electrospray and MALDI Mass Spectrometry: 

Fundamentals, Instrumentation, Practicalities, and Biological Applications; Cole, R. B., 

Ed.; John Wiley & Sons, Inc., 2010; Vol. 2; pp 245-261. 

100.  Korte, A. R.; Yandeau-Nelson, M. D.; Nikolau, B. J.; Lee, Y. J.: Subcellular-level 

resolution MALDI-MS imaging of maize leaf metabolites by MALDI-linear ion trap-Orbitrap 

mass spectrometer. Anal. Bioanal. Chem. 407, 2301-2309 (2015) 

101.  Karas, M.; Hillenkamp, F.: Laser desorption ionization of proteins with molecular 

masses exceeding 10,000 daltons. Anal. Chem. 60, 2299-301 (1988) 

102.  Weidner, S.; Knappe, P.; Panne, U.: MALDI-TOF imaging mass spectrometry of 

artifacts in "dried droplet" polymer samples. Anal. Bioanal. Chem. 401, 127-134 (2011) 

103.  Axelsson, J.; Hoberg, A.-M.; Waterson, C.; Myatt, P.; Shield, G. L.; Varney, J.; 

Haddleton, D. M.; Derrick, P. J.: Improved reproducibility and increased signal intensity 

in matrix-assisted laser desorption/ionization as a result of electrospray sample 

preparation. Rapid Commun. Mass Spectrom. 11, 209-213 (1997) 



40 

104.  Hensel, R. R.; King, R. C.; Owens, K. G.: Electrospray sample preparation for 

improved quantitation in matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. Rapid Commun. Mass Spectrom. 11, 1785-1793 (1997) 

105.  Hankin, J. A.; Barkley, R. M.; Murphy, R. C.: Sublimation as a Method of Matrix 

Application for Mass Spectrometric Imaging. Journal of the American Society for Mass 

Spectrometry 18, 1646-1652 (2007) 

106.  Jaskolla, T. W.; Karas, M.; Roth, U.; Steinert, K.; Menzel, C.; Reihs, K.: Comparison 

between vacuum sublimed matrices and conventional dried droplet preparation in MALDI-

TOF mass spectrometry. J. Am. Soc. Mass Spectrom. 20, 1104-1114 (2009) 

107.  Ericson, C.; Phung, Q. T.; Horn, D. M.; Peters, E. C.; Fitchett, J. R.; Ficarro, S. B.; 

Salomon, A. R.; Brill, L. M.; Brock, A.: An automated noncontact deposition interface for 

liquid chromatography matrix-assisted laser desorption/ionization mass spectrometry. 

Anal. Chem. 75, 2309-2315 (2003) 

108.  Fan, X.; Beavis, R. C.: A method to increase contaminant tolerance in protein matrix-

assisted laser desorption/ionization by the fabrication of thin protein-doped polycrystalline 

films. Rapid Commun. Mass Spectrom. 8, 199-204 (1994) 

109.  Perera, I. K.; Perkins, J.; Kantartzoglou. Spin-coated samples for high resolution 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry of large 

proteins. Rapid Commun. Mass Spectrom. 9, 180-7 (1995) 

110.  Lee, J.; Soper, S. A.; Murray, K. K.: A solid-phase bioreactor with continuous sample 

deposition for matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. Rapid Commun. Mass Spectrom. 25, 693-699 (2011) 



41 
 

111.  Hossain, M.; Limbach, P. A. In Electrospray and MALDI Mass Spectrometry (2nd 

Edition); 2 ed.; Cole, R. B., Ed.; John Wiley & Sons, Inc., 2010; pp 215-244. 

112.  Peterson, D. S.: Matrix-free methods for laser desorption/ionization mass 

spectrometry. Mass Spectrom. Rev. 26, 19-34 (2007) 

113.  Duncan, M. W.; Roder, H.; Hunsucker, S. W.: Quantitative matrix-assisted laser 

desorption/ionization mass spectrometry. Briefings Funct. Genomics Proteomics 7, 355-

370 (2008) 

114.  Dong, X.; Cheng, J.; Li, J.; Wang, Y.: Graphene as a Novel Matrix for the Analysis 

of Small Molecules by MALDI-TOF MS. Anal. Chem. 82, 6208-6214 (2010) 

115.  Kong, X.; Huang, Y.: Applications of graphene in mass spectrometry. J. Nanosci. 

Nanotechnol. 14, 4719-4732 (2014) 

116.  Hua, P.-Y.; Manikandan, M.; Abdelhamid, H. N.; Wu, H.-F.: Graphene nanoflakes 

as an efficient ionizing matrix for MALDI-MS based lipidomics of cancer cells and cancer 

stem cells. J. Mater. Chem. B 2, 7334-7343 (2014) 

117.  Lu, M.; Lai, Y.; Chen, G.; Cai, Z.: Matrix Interference-Free Method for the Analysis 

of Small Molecules by Using Negative Ion Laser Desorption/Ionization on Graphene 

Flakes. Anal. Chem. (Washington, DC, U. S.) 83, 3161-3169 (2011) 

118.  Jackson, S. N.; Baldwin, K.; Muller, L.; Womack, V. M.; Schultz, J. A.; Balaban, C.; 

Woods, A. S.: Imaging of lipids in rat heart by MALDI-MS with silver nanoparticles. Anal. 

Bioanal. Chem. 406, 1377-1386 (2014) 

119.  McLean, J. A.; Stumpo, K. A.; Russell, D. H.: Size-Selected (2-10 nm) Gold 

Nanoparticles for Matrix Assisted Laser Desorption Ionization of Peptides. J. Am. Chem. 

Soc. 127, 5304-5305 (2005) 



42 
 

120.  Wei, J.; Buriak, J. M.; Siuzdak, G.: Desorption-ionization mass spectrometry on 

porous silicon. Nature (London) 399, 243-246 (1999) 

121.  Thomas, J. J.; Shen, Z.; Crowell, J. E.; Finn, M. G.; Siuzdak, G.: 

Desorption/ionization on silicon (DIOS): a diverse mass spectrometry platform for protein 

characterization. Proc. Natl. Acad. Sci. U. S. A. 98, 4932-4937 (2001) 

122.  Kim, Y.-K.; Na, H.-K.; Kwack, S.-J.; Ryoo, S.-R.; Lee, Y.; Hong, S.; Hong, S.; Jeong, 

Y.; Min, D.-H.: Synergistic Effect of Graphene Oxide/MWCNT Films in Laser 

Desorption/Ionization Mass Spectrometry of Small Molecules and Tissue Imaging. ACS 

Nano 5, 4550-4561 (2011) 

123.  Xu, S.; Li, Y.; Zou, H.; Qiu, J.; Guo, Z.; Guo, B.: Carbon nanotubes as assisted 

matrix for laser desorption/ionization time-of-flight mass spectrometry. Anal. Chem. 75, 

6191-6195 (2003) 

124.  Verbeck, G.; Hoffmann, W.; Walton, B.: Soft-landing preparative mass 

spectrometry. Analyst (Cambridge, U. K.) 137, 4393-4407 (2012) 

125.  Hoffmann, W.; Verbeck, G.: Toward a reusable surface-enhanced Raman 

spectroscopy (SERS) substrate by soft-landing ion mobility. Appl Spectrosc 67, 656-60 

(2013) 

126.  Walton, B. L.; Hoffmann, W. D.; Verbeck, G. F.: Sub-eV ion deposition utilizing soft-

landing ion mobility for controlled ion, ion cluster, and charged nanoparticle deposition. 

Int. J. Mass Spectrom. 370, 66-74 (2014) 

127.  Suga, M.; Asahina, S.; Sakuda, Y.; Kazumori, H.; Nishiyama, H.; Nokuo, T.; 

Alfredsson, V.; Kjellman, T.; Stevens, S. M.; Cho, H. S.; Cho, M.; Han, L.; Che, S.; 

Anderson, M. W.; Schuth, F.; Deng, H.; Yaghi, O. M.; Liu, Z.; Jeong, H. Y.; Stein, A.; 



43 

Sakamoto, K.; Ryoo, R.; Terasaki, O.: Recent progress in scanning electron microscopy 

for the characterization of fine structural details of nano materials. Prog. Solid State 

Chem. 42, 1-21 (2014) 

128.  Frank, L.; Zadrazil, M.; Mullerova, I.: Low energy imaging of nonconductive surfaces 

in SEM. Mikrochim. Acta, Suppl. 13, 289-298 (1996) 

129.  Brown, J. M.; Hoffmann, W. D.; Alvey, C. M.; Wood, A. R.; Verbeck, G. F.; Petros, 

R. A.: One-bead, one-compound peptide library sequencing via high-pressure ammonia 

cleavage coupled to nanomanipulation/nanoelectrospray ionization mass spectrometry. 

Anal. Biochem. 398, 7-14 (2010) 

130.  Clemons, K.; Dake, J.; Sisco, E.; Verbeck, G. F. I. V.: Trace analysis of energetic 

materials via direct analyte-probed nanoextraction coupled to direct analysis in real time 

mass spectrometry. Forensic Sci. Int. 231, 98-101 (2013) 

131.  Clemons, K.; Nnaji, C.; Verbeck, G. F.: Overcoming selectivity and sensitivity issues 

of direct inject electrospray mass spectrometry via DAPNe-NSI-MS. J Am Soc Mass 

Spectrom 25, 705-11 (2014) 

132.  Clemons, K.; Wiley, R.; Waverka, K.; Fox, J.; Dziekonski, E.; Verbeck, G. F.: Direct 

analyte-probed nanoextraction coupled to nanospray ionization-mass spectrometry of 

drug residues from latent fingerprints. J. Forensic Sci. 58, 875-880 (2013) 

133.  Horn, P. J.; Joshi, U.; Behrendt, A. K.; Chapman, K. D.; Verbeck, G. F.: On-stage 

liquid-phase lipid microextraction coupled to nanospray mass spectrometry for detailed, 

nano-scale lipid analysis. Rapid Commun. Mass Spectrom. 26, 957-962 (2012) 



44 
 

134.  Horn, P. J.; Ledbetter, N. R.; James, C. N.; Hoffman, W. D.; Case, C. R.; Verbeck, 

G. F.; Chapman, K. D.: Visualization of Lipid Droplet Composition by Direct Organelle 

Mass Spectrometry. J. Biol. Chem. 286, 3298-3306 (2011) 

135.  Huynh, V.; Joshi, U.; Leveille, J. M.; Golden, T. D.; Verbeck, G. F.: 

Nanomanipulation-coupled to nanospray mass spectrometry applied to document and ink 

analysis. Forensic Sci. Int. 242, 150-156 (2014) 

136.  Huynh, V.; Williams, K. C.; Golden, T. D.; Verbeck, G. F.: Investigation of falsified 

documents via direct analyte-probed nanoextraction coupled to nanospray mass 

spectrometry , fluorescence microscopy, and Raman spectroscopy. Analyst (Cambridge, 

U. K.) 140, 6553-6562 (2015) 

137.  Ledbetter, N. L.; Walton, B. L.; Davila, P.; Hoffmann, W. D.; Ernest, R. N.; Verbeck, 

G. F. I. V.: Nanomanipulation-coupled nanospray mass spectrometry applied to the 

extraction and analysis of trace analytes found on fibers. J. Forensic Sci. 55, 1218-1221 

(2010) 

138.  Phelps, M.; Hamilton, J.; Verbeck, G. F.: Nanomanipulation-coupled nanospray 

mass spectrometry as an approach for single cell analysis. Rev. Sci. Instrum. 85, 

124101/1-124101/5 (2014) 

139.  Phelps, M. S.; Sturtevant, D.; Chapman, K. D.; Verbeck, G. F.: Nanomanipulation-

Coupled Matrix-Assisted Laser Desorption/ Ionization-Direct Organelle Mass 

Spectrometry: A Technique for the Detailed Analysis of Single Organelles. J. Am. Soc. 

Mass Spectrom. 27, 187-193 (2016) 

140.  Phelps, M. S.; Verbeck, G. F.: A lipidomics demonstration of the importance of single 

cell analysis. Anal. Methods 7, 3668-3670 (2015) 



45 
 

141.  Wallace, N.; Hueske, E.; Verbeck, G. F.: Ultra-trace analysis of illicit drugs from 

transfer of an electrostatic lift. Sci. Justice 51, 196-203 (2011) 

 



46 
 

  

NANOMANIPULATION-COUPLED NANOSPRAY MASS SPECTROMETRY AS AN 

APPROACH FOR SINGLE CELL ANALYSIS 

3.1  Abstract 

Electrospray mass spectrometry is now a widely used technique for observing cell 

content of various biological tissues. However, electrospray techniques (liquid 

chromatography and direct infusion) often involve lysing a group of cells and extracting 

the biomolecules of interest, rather than a sensitive, individual cell method to observe 

local chemistry. Presented here is an approach of combining a nanomanipulator 

workstation with nanospray mass spectrometry, which allows for extraction of a single 

cell, followed by rapid mass analysis that can provide a detailed metabolic profile. 

Triacylglycerol content was profiled with this tool coupled to mass spectrometry to 

investigate heterogeneity between healthy and tumorous tissues as well as lipid droplet 

containing adipocytes in vitro as proof of concept. This selective approach provides 

cellular resolution and complements existing bioanalytical techniques with minimal 

invasion to samples. In addition, the coupling of nanomanipulation and mass 

spectrometry holds the potential to be used in a great number of applications for individual 

organelles, diseased tissues, and in vitro cell cultures for observing heterogeneity even 

amongst cells and organelles of the same tissue. 

 

                                            
 This entire chapter is reprinted with permission from [Phelps, M., Hamilton, J., Verbeck, 
G.F.: Nanomanipulation-coupled nanospray mass spectrometry as an approach for single 
cell analysis. Rev. Sci. Instrum. 85, 124101/1–124101/5 (2014)]. Copyright [2014], AIP 
Publishing LLC. 
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3.2  Introduction 

Micromanipulation has made great strides into the chemical and biological 

sciences as a highly useful tool due to the capability to manipulate both cellular materials 

and small particles. The precise positioning of micromanipulation has been utilized to 

directly extract mitochondria from muscle tissue [142], isolate a single bacterium for the 

creation of axenic cultures [143, 144], as well as sample single cells from torenia petals 

for metabolic profiling [145]. Our lab has developed a novel nanomanipulation 

workstation, which provides even greater spatial resolution than micromanipulation, and 

also allows for sub cellular analysis from a single cell [129-134, 137, 146, 147]. This 

workstation has the capability of holding up to eight nanopositioners, for use in low 

impedance electrical characterization, microgripping of individual cells, 

nanomanipulation, and nanoextractions [129-134, 137, 146, 147]. Combining numerous 

probes allows for multiple experiments to be performed simultaneously on an individual 

cell or group of cells. Nanomanipulation has proved successful in a wide variety of 

applications such as use in direct analyte-probed nanoextraction (DAPNe) [130-132], 

direct organelle mass spectrometry (DOMS) [134, 146, 147], extraction of trace analytes 

found on fibers [137], single bead peptide extraction [129], and liquid phase lipid 

microextraction [133]. The precise positioning capability of nanomanipulation can qualify 

and quantify the precise local chemistry of healthy and diseased state tissues and 

cultures to provide new biochemical insights for unknown metabolic processes. 

Recent advances in mass spectrometry (MS) have made electrospray (ESI) a 

useful and sensitive tool for analyzing biological samples, especially in the developing 

field of lipidomics. Typically the biomolecule of interest is organically extracted from a 
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large group of cells or tissue sample followed by ESI-MS [32]. Not only does this process 

destroy the cells but it also does not allow for single cell chemical heterogeneity to be 

determined. Lipids within the cell membrane and in individual organelles are known to 

vary in each cell [32]. Using nanomanipulation to extract the contents of an individual cell 

allows the rest of the tissue sample to remain intact and reduces chemical overlap and 

contamination from adjacent tissue. Combining nanomanipulation with nanospray 

ionization (NSI) allows for a detailed and rapid approach to observe cellular or sub cellular 

metabolite individuality. Advantages of NSI-MS include low sample consumption, low flow 

rates, and no sheath gas requirement which decreases activating collisions in the 

ionization source [77]. In addition, NSI requires only pmol/μl of sample, which 

compensates for the loss of sample size compared to whole tissue-lysing methods. The 

efficiency of ion transfer from source to detector has shown to be improved in NSI when 

compared to ESI [76]. 

Often ESI experiments utilize a liquid chromatography (LC) column for separation 

of lipids or other materials before mass analysis. While this increases sensitivity and 

selectivity, it requires lengthy separation time coupled with the need for routine 

replacement of LC columns and the possibility of cross-contamination from prior 

experiments [148, 149]. In the work presented here, the LC separation step is removed 

as the sample goes directly to the NSI source, a method deemed direct inject mass 

spectrometry or direct infusion mass spectrometry (DIMS). The specificity of the 

nanoextraction process removes the need for separation as the matrix is greatly reduced 

due to selectivity, well below the limit in which MS can deconvolute, thus DIMS is optimal 

in sensitivity for this method. DIMS has been established as a high-throughput technique 
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which is both sensitive and rapid, and has been commonly used to determine metabolic 

profiles when coupled with both ESI and NSI [149, 150]. Using DIMS has been reported 

to determine a “metabolite fingerprint” of biological samples and the problem of ion 

suppression reported with ESI is largely solved with the incorporation of NSI [151]. 

Recently, ESI techniques have been used to observe the triacylglycerol (TAG) 

content in various cancers [152, 153] and several studies have shown an increasing risk 

of cancer due to obesity [38, 39, 43, 154-157]. As a result, additional research is being 

aimed at the interaction between the disease and cancer associated adipocytes (CAAs). 

CAAs are adipocytes located near the vicinity of cancer cells that have been shown to be 

involved in tumor progression and development [43-45], although the underlying 

molecular mechanism of CAAs aiding tumorigenesis remains largely unknown. Their 

structure consists of a large, unilocular lipid droplet that takes up the majority of the 

cellular space with an offset nucleus. To help elucidate some of these mechanisms, the 

work presented here investigates the triacylglycerol (TAG) profile of the unilocular lipid 

droplets of CAAs in comparison to healthy adipocytes from adjacent tissue to determine 

distinguishability using the approach of nanomanipulation coupled to NSI-MS. This 

method was also used to investigate the TAG content of human adipocytes to establish 

the approach as valuable for in vitro cell cultures. 

3.3  Instruments 

The workstation (Figure 3.1) was comprised of a modified L-200 nanomanipulator 

(DCG Systems, Inc. Fremont, CA) which can be mounted to an AZ100 microscope 

(Nikon, Melville, NJ) with Bright Field 2× and 5× long working distance or a TE2000 
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inverted microscope (Nikon, Melville, NJ) with 10×, 40×, 50×, and 100× objectives. Both 

of these microscopes are equipped with an Intensilight C-HGFI fluorescence source 

(Nikon, Melville, NJ) which has six levels of light intensity for use as a mercury-fiber 

 

Figure 3.1 Nanomanipulation schematic. (A) Four-channel pressure injector utilizing 

nitrogen gas. (B) TE2000 inverted microscope. (C) C-HGFI fluorescence source. (D) 

Nanopositioner connected to the pressure injector. (E) Nanopositioner with variable end 

effectors (probes, microgrippers, etc.) 

Illuminator in biomolecule staining experiments. The nanomanipulator employs joystick-

controlled piezoelectric nanopositioners, which have fine and coarse modes of action in 

addition to two degrees of freedom in the X, Y, and Z axes. The X and Z axes have a 
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range of motion of 12 mm and the Y axis has a 28 mm range of motion. In fine mode, the 

manipulator has 10 nm resolution and in coarse mode 100 nm resolution. This highly 

precise positioning allows for facile maneuvering of the attached capillary tips to and 

within cell membranes to extract the desired analyte. The workstation is equipped with a 

four-channel pressure injector (MicroData Instrument Inc., S. Plainfield, NJ), which allows 

24 mmHg of fill vacuum in addition to up to 60 psi of pressure, enabling injection of solvent 

into the individual cells as well as retrieval of cell content for MS analysis. Quartz probes 

for cell puncturing were created with a P-2000 CO2-laser based micropipette puller 

system (Sutter Instrument, Novato, CA). The tip puller employs a 20 W Class IV CO2 

laser of 3.5 mm diameter. Using the CO2 laser to cleave the quartz rods enables creation 

of a probe without metal residues and the laser does not leave residual filament heat due 

to the ability to be powered off immediately after cleavage. 

3.4  Materials 

Chemicals and solvents used consisted of 98% ammonium acetate (NH4OAc) 

(Sigma Aldrich, St. Louis, MO), chloroform (CHCl3) CHROMASOLV® Plus for HPLC 

(Sigma Aldrich, St. Louis, MO), and Optima LC/MS methanol (MeOH) (Fisher Scientific, 

Fair Lawn, NJ). Breast carcinoma and adjacent healthy tissues were obtained from 

Cureline, Inc. (South San Francisco, CA) and tissue sections were created using a CM 

1850 cryomicrotome (Leica Microsystems, Buffalo Grove, IL). Pd/Au-coated Econo12 

PicoTipTM Emitters (New Objective, Woburn, MA) were utilized for nanoextractions. An 

LCQ DECA XP Plus mass spectrometer (Thermo Finnigan, San Jose, CA) was equipped 

with an NSI ionization source (Proxeon Biosystems, Odense, Denmark) for mass 
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analysis. Fibroblasts were obtained from Coriell Institute (Camden, NJ) and grown in 

Dulbecco's Modified Eagle's Medium 

(DMEM) containing isobutyl-

methylxanthin (IBMX), 

dexamethasone, fetal bovine serum 

(FBS) penicillin/streptomycin, 

indomethacin (all from Sigma Aldrich, 

St. Louis, MO), and insulin (Lilly, 

Indianapolis, IN). 

  

3.5  Methods 

Tissue sections from tumorous 

and adjacent healthy breast tissue of 

90 μm in thickness were cut with a CM 

1850 cryomicrotome and placed onto 

glass slides for manipulation. The 

modified L-200 nanomanipulator 

workstation (Figure 3.2) equipped with 

two nanopositioners was utilized for extracting from individual adipocytes from both tissue 

sections. The first positioner was connected to the four-channel pressure injector and 

held a prefilled Pd/Au-coated nanospray emitter with a tip opening diameter of 1 ± 0.2 

μm, containing 10 μl of a 0.1% NH4OAc in CHCl3:MeOH (2:1, v/v) solvent mixture used 

for extraction. Clogging of nanospray emitters can often occur when directly extracting 

Figure 3.2 (a) Schematic of the two-

positioner nanomanipulator. (b) Image of the 

manipulator workstation setup. 
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from tissues or cells. In order to avoid this problem, a two-tip method was developed by 

first breaching the cell's membrane and unilocular lipid droplet with a quartz probe 

followed by nanoextraction. This 

approach can be used to successfully 

prevent clogging of the emitter as well 

as avoiding unwanted lipid membrane 

chemistry for mass analysis. The 

second positioner held a quartz probe 

with an average tip diameter of 8 μm 

created by the P-2000 tip puller 

system used for cell puncturing. 

These quartz probes were created 

using the P-2000 heat setting of 700, 

a velocity setting of 55, a pull setting 

of 55, and a delay setting of 130. 

These parameters allowed for the 

formation of a probe small enough to puncture the individual adipocytes without significant 

damage to the cell, but large enough to leave sufficient room for nanoextraction from the 

lipid droplet thereafter. 

After locating the adipocyte within the sectioned tissue with the AZ100 microscope, 

the quartz probe was brought to the membrane and maneuvered to puncture the cell. 

Directly after cell puncture, the nanospray emitter was directed into the puncture site 

(Figure 3.3), where the solvent mixture was injected into the cell at a pressure of ∼5 psi 

Figure 3.3 (A) indicates the nanospray emitter 

within the unilocular lipid droplet (B) of an 

adipocyte in tumor tissue. (C) displays a 

smaller lipid droplet in a different adipocyte 

(scale bar = 25 μm). 
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for 500 ms, followed by aspiration back into the emitter at a pressure of ∼20 psi. The 

initial positive pressure is needed to break the surface tension at the tip-to-tissue interface 

to allow for smooth aspiration of the sample. The programmed inject-to-aspiration of 

sample occurs in 2.0 s. 

Following adipocyte extraction, the nanospray emitter was transferred to the NSI 

source for MS analysis of TAG content. Utilizing an ion trap enabled rapid screening for 

a “snapshot” image of the TAG region due to its full-scan sensitivity. Extractions were 

analyzed in positive mode using a spray voltage of 2.5 kV and capillary temperature of 

250 °C, with average analysis time lasting 2 min. Total experiment time with this method 

can be reduced to less than 10 min due to the direct extraction of analyte and immediate 

mass analysis thereafter. 

For proof of concept on living cell cultures, whole cell nanoextractions were 

performed on differentiated adipocytes originating from human skin fibroblasts. 

Fibroblasts were differentiated in culture using 10 μg/ml insulin, 0.5 mM IBMX, 1 μM 

dexamethasone, and 0.2 mM indomethacin grown in DMEM containing 10% FBS and 1% 

penicillin/streptomycin with medium changes twice weekly following the method from Lysy 

et al [158]. Lipid droplets (LDs) appeared after two weeks, indicating adipogenic 

differentiation. Whole cell nanoextractions were performed using one nanospray emitter 

containing 10 μl of 0.1% NH4OAc in CHCl3:MeOH (2:1, v/v) solvent mixture by injecting 

solvent around the targeted cell, followed by aspiration back into the emitter and NSI-MS 

analysis. Instrument parameters were kept the same as the tissue extractions and lipid 

content was analyzed. Targeted whole cell extractions were based on the size of the LDs 
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within. “Large” LDs were considered those ranging from 10+ μm in size and “small” LDs 

consisted of developing LDs 1 μm and below. 

 

Figure 3.4 TAG profiles of (a) a healthy adipocyte and (b) a tumor adipocyte. Insets 

display the total ion current (TIC) chromatogram for the extractions. 
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3.6  Results and Discussion 

Experiments on multiple healthy and tumorous tissue sections were performed in 

ten replicates each to ensure that the signal variations obtained did not come from normal 

variations in the instrument and also to ascertain reproducibility and heterogeneity 

between tumor and normal adipocytes. A distinct difference between the healthy and 

tumorous adipocytes was observed in viewing of the m/z 876 and 902 peak ratios (Figure 

3.4). Inset total ion current chromatograms display a stable signal from the obtained 

nanoextractions. The healthy tissue extractions consistently displayed a higher ratio of 

TAGs in the m/z 898–907 range compared to tumor tissue extractions. In healthy 

adipocytes, the 902 peak accounted for 

an average of 78% peak intensity 

compared to the 876 peak. Amongst the 

tumorous adipocytes, the 902 peak had 

an average of 54% peak intensity 

compared to the 876 peak. On average, 

healthy TAGs in the m/z 870–880 range 

made up 41.7% of total TAGs, and 

32.6% for the m/z 898–907 range 

(Figure 3.5). Comparatively, tumorous 

TAGs in the m/z 870–880 range made 

up 46.0% of total TAGs and 25.1% for 

the m/z 898–907 range on average. A discernible difference amongst adipocytes of the 

same tissue was not found in this study. Successful differentiation of the different breast 

Figure 3.5 Average percentages of total TAG 

content of healthy and tumor adipocytes. 
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tissues was observed using this novel approach when comparing the average 

percentages of total TAG [159] content and peak ratios. The results presented here 

confirm that heterogeneity is occurring when comparing adipocytes of healthy vs. 

tumorous breast tissue; however, the molecular mechanism of why this occurs warrants 

further explanation and also demonstrates the workstation's ability to successfully 

perform subcellular nanoextractions. Current experiments involve the use of collision 

induced dissociation (CID) to fragment the differing TAG species in order to elucidate why 

heterogeneity starts to occur in CAAs. 

Distinct heterogeneity was also identified when comparing the large versus small 

developing LDs of living healthy adipocyte cells (Figure 3.6). Small LDs (1 μm and below) 

were considered early development adipocytes and large LDs consisted of those +10 μm 

in size. The aim was to determine if there were prevalent lipids present in early 

Figure 3.6 (a) NSI-MS spectra obtained from whole cell extractions of lipid droplet 

containing adipocytes. (b) Image displaying the small vs large LD sizes that were 

extracted (scale bar = 25 μm). 
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development adipocytes and if the TAG profile displayed distinguishability from those that 

had fully formed. The method for extraction was the same as for the tissue LD extraction. 

The results exhibited heterogeneity in discerning the TAG profile of LDs beginning to 

develop versus those that were larger. The smaller, early development LDs displayed 

higher intensities of differing lipid classes such as diacylglycerols, 

glycerophosphocholines, and glycerophosphoethanolamines (m/z 700–750), whereas 

the fully developed adipocytes displayed mainly TAGs (m/z 750–950) with higher 

intensity. These results clearly validate this approach as a method for single cell analysis 

on both tissue sections and living cell cultures. 

 

3.7  Conclusion 

Lipids play significant roles in tumors, participating as a source of energy, 

intracellular trafficking, and as building foundations for cellular membranes [41]. 

Additionally, it has been suggested that the increased lipogenesis associated with tumors 

aids in survival from both therapeutic-mediated and carcinogenic treatments [45], as well 

as having a highly involved role in tumor progression [46]. These key roles of lipids help 

the rapid proliferative nature of cancer cells and should be further investigated on a local 

scale to gain a more thorough understanding of the biochemistry involved. The 

progression of disease states could also be measured using this technique by 

determining the presence of certain metabolites as the disease progresses or becomes 

resistant to treatment. Nanomanipulation coupled NSI-MS could be used throughout a 

patient's treatment regime as a rapid and thorough way to monitor the advancement of 

metabolic diseases, which would aid in treatment directions customized for the individual. 
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Future work will be aimed at incorporating two additional non-invasive techniques 

to the manipulation workstation for single cell studies. Raman spectroscopy will be added 

to perform single cell Raman analysis, done previously to investigate lipid bodies in colon 

cancer cells [11] as well as lipid profiling of single living microalgal cells [160]. This 

approach could allow for location and extraction of biomolecules unseen in brightfield but 

observed by Raman vibrations to be analyzed. Additionally a titanium-sapphire laser can 

be incorporated into one of the nanopositioners for individual nanosurgical manipulation 

on live cells. This approach provides another minimally invasive way to breach the cell 

membrane and has previously been done to perform “cell surgery” on live mammalian 

cells [161]. Using the titanium sapphire laser coupled with nanoextractions will allow for 

individual organelle extractions. The incorporation of both of these single cell methods, in 

addition to the vast capabilities already present in the workstation, will provide an 

immense amount of opportunities to gather unique and detailed information from an 

individual cell. 
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A LIPIDOMICS DEMONSTRATION OF THE IMPORTANCE OF SINGLE CELL 

ANALYSIS 

4.1  Abstract 

Typical lipidomics data are obtained from collective cell lysis encompassing the 

digestion of large groups of cells or tissues, leading to inaccuracies and averaging of 

sample data. Here we describe a novel approach of obtaining single cell information with 

results demonstrating the importance of single cell analysis. We report obtaining distinct 

heterogeneity of adipocytes in vitro using nanomanipulation-coupled nanoelectrospray 

mass spectrometry of living individual cells from the same culture plate. 

 

4.2  Full Text 

There is a great need for single cell analysis for chemical profiling of biological 

materials in order to build an accurate model of cellular function. Currently, the typical 

application of obtaining a chemical profile of biomaterials consists of mechanical or 

chemical digestion of large groups of cells. Following digestion, organic extractions are 

performed to obtain the targeted biochemistry for use in analysis such as western blots 

[162], chromatography [163], and electrospray ionization mass spectrometry (ESI-MS) 

[164]. The inherent problem with these multiple cell analysis methods is that the data 

obtained is representative of an ensemble average of the population, which can obscure 

                                            
 This entire chapter is reprinted from [Phelps, M. S.; Verbeck, G. F.: A lipidomics 
demonstration of the importance of single cell analysis. Anal. Methods 7, 3668-3670 
(2015)], with permission from [The Royal Society of Chemistry]. 
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variations within individual cells comprising the population [4]. In addition, the entire 

sample of cells analyzed are sacrificed in the process and cannot be monitored 

afterwards, which is important for certain progressive diseases such as cancer. It has 

been established that individual cells and their lipid contents are not homogenous [6, 32, 

165, 166], so it is imperative to study them at the single cell level to better understand 

lipidomic processes and cellular functions [8]. 

Several single cell technologies have emerged [7], but still have significant 

drawbacks. Flow cytometry, capillary electrophoresis, printed microarrays, and 

microfluidic devices separate hundreds of cells down to the single cell level, but often 

need to be coupled to more detailed analytical methods for lipid information such as mass 

spectrometry (MS) [4, 5, 167]. In addition, these methods expend the sample, can be less 

applicable to adherent cells [5], and do not allow for further analysis of the same sample 

in following days. Matrix-assisted laser desorption/ionization (MALDI)-MS has been used 

for single cell metabolomics, however this method often requires lengthy analysis times 

and low mass matrix interferences have been known to be problematic for metabolites 

[4]. Fluorescence microscopy, while sensitive and noninvasive, is limited in its ability to 

distinguish among many biochemical species and provides little to no structural 

information [4]. In many cases the addition of the fluorophore itself can change the 

chemistry within cells by stopping a biological function [4]. 

Here we describe a novel approach to obtaining single cell chemical information 

that negates the averaging problem of collective cell lysis and leaves the remainder of the 

cell culture intact by using nanomanipulation-coupled nanoelectrospray-ionization mass 

spectrometry (NSI-MS). Nanomanipulators are particularly useful for manipulating 
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particles and cells [131, 132, 134, 138, 146] with precision for positioning on the 

nanometer scale. In this work, a nanomanipulator was utilized to perform whole cell 

extractions by dissolving single adipocytes containing lipid droplets, which are known to 

Figure 4.1 (a) 10× brightfield image of the nanospray emitter in contact with a large lipid 

droplet of a single adipocyte. (b) Mass spectrum obtained from the extraction. 10 μm scale 

bar. 
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contain triacylglycerols [168] (TAGs), in a tailored extraction solvent with a nanospray 

emitter followed by mass analysis using NSI-MS. The high sensitivity of NSI-MS is 

especially useful for the low volumes (fL–nL) [4, 5, 138] of individual cell extractions, and 

directly injecting the sample into the mass spectrometer avoids lengthy chromatographic 

separation. Furthermore, the culture plate was able to be extracted upon for multiple days 

due to the non-invasiveness of the nanomanipulator. Figure 4.1 displays a differentiated 

single cell adipocyte extraction containing large lipid droplets (>10 μm). After aspiration 

of extraction solvent, the emitter was transported to the mass spectrometer and analyzed 

using a mass range of m/z 100–1100. This range encompassed common lipids species 

such as diacylglycerols, phospholipids, and TAGs, however the main species obtained 

from the large lipid droplet extractions yielded TAGs (m/z 750–950) as identified using 

LIPID MAPS online tools for lipid research [169]. Details of the specific MS conditions 

used are provided in section 4.4 Methods. 

After extracting adipocytes containing large lipid droplets, early development 

adipocytes containing small lipid droplets (<1 μm) were targeted from the same culture 

plate to determine if heterogeneity was present (Figure 4.2). The mass spectrum obtained 

from a single adipocyte having large lipid droplets is easily distinguishable from one 

containing small lipid droplets in that the smaller lipid droplet adipocyte contained a higher 

number of signals with varying intensities including lipid species with lower mass to 

charge ratios such as m/z 760. The TAG distribution from the early versus late 

development adipocytes is also distinctive. In the large lipid droplet extraction, m/z 846 

clearly has the highest intensity of the large lipid droplet peaks, whereas in the smaller 

lipid droplet extraction, m/z 876 is the highest intensity TAG species. Additionally, the  
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Figure 4.2 (a) Differentiated human adipocyte containing large lipid droplets. (b) 

Adipocyte containing small, early development lipid droplets. (c) Mass spectrum obtained 

from nanoextraction of adipocyte with large lipid droplets. (d) Mass spectrum of small lipid 

droplet adipocyte. (e) ESI-MS spectrum obtained from typical whole flask digestion of 

multiple adipocytes. Photographs are 100× oil immersion differential interference contrast 

images, and scale bars shown are 10 μm. 
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highest intensity ion of the small lipid droplet extraction (m/z 760) is absent from the large 

lipid droplet extraction. We observed heterogeneity even within the distribution of 

saturated and unsaturated TAGs having the same number of carbons. The large lipid 

droplet shows a higher intensity of m/z 846, while the small lipid droplet extraction has a 

higher intensity of the saturated form m/z 848. The same is true for m/z 874 in the large 

lipid droplets versus m/z 876 in the small lipid droplet extraction. In the large lipid droplet 

extraction, m/z 902 TAG shows a much lower relative intensity than the dominant m/z 

846 peak, whereas in the smaller lipid droplet extraction, the two peaks are nearly equal. 

The spectra obtained clearly display a definite contrast of lipid information, which would 

not be discoverable without single cell analytical methods. 

To further exemplify the heterogeneity between large and small lipid droplet 

extractions, we performed a typical collective cell lysis experiment consisting of digestion 

and chemical extraction of an entire culture flask of adipocytes in varying stages of 

development using the Folch method [27]. The extract was analyzed with ESI-MS and 

displays an averaging of the lipid composition obtained from the single cell extractions. 

This spectrum is further distinguishable from the individual cell extractions in that it has a 

greater number of ion signals detected, and displays a different distribution of peaks. For 

both single cell large and small lipid droplet extractions, the m/z 902 peak is lower in 

intensity than m/z 874 or 876, but in the ESI-MS spectrum the two display approximately 

the same intensity. The highest intensity ion in the whole flask extraction, m/z 760 

matches that of the small lipid droplets, but has new signals at m/z 690 and 716 and a 

loss of peak m/z 675. The ESI-MS spectra obtained was analyzed for over 30 minutes 

with consistent distribution of peaks shown, which did not match any single cell extraction. 
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We determined identity of lipid species using collision-induced dissociation (CID) to 

observe lipid fragmentation concurrent with fragmentation patterns previously published 

[32, 170-172] and LIPID MAPS online tools for lipid research (http://www.lipidmaps.org/). 

For examples see Figure 4.3 in the Methods section. 

4.3  Conclusions 

It has been made clear that vastly different lipid information can be obtained from 

performing single cell analysis. The single cell approach reported here would be most 

useful for progressive diseases such as a 3D tumor model as it is a non-invasive 

technique in which the sample is not destroyed. Obviously nanomanipulation-coupled 

NSI-MS is not the ultimate method for single cell analysis as it is not high-throughput, but 

the approach and demonstrative results urge new technology to be created for high-

throughput single cell lipidomics analysis. It is evident that in order to understand 

biological processes as they occur and progress, that we cannot wholly rely on the 

information obtained from multiple cell analysis. Analyzing diseases on the single cell 

level, in approaches such as nanomanipulation-coupled NSI-MS, provides the capability 

to reveal distinct biomarkers for diseases that would otherwise remain absent with current 

multiple cell technologies. 

4.4  Methods 

4.4.1 Adipogenic Differentiation 

Primary human skin fibroblasts (Coriell Institute, Camden, NJ) were obtained at 

passage 2 and seeded into 35 mm round glass bottom culture dishes (MatTek, Ashland, 
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MA) at 15,000 cells per dish. The fibroblasts were cultured in Dulbecco’s modified eagle’s 

medium (Sigma Aldrich, St. Louis, MO) containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (both from Sigma Aldrich, St. Louis, MO). Upon reaching 100% 

confluency (~2 weeks), growth media containing 1 µM dexamethasone, 10 µg/mL insulin, 

0.5 mM isobutylmethylxanthin (IBMX), and 0.2 mM indomethacin (all from Sigma Aldrich, 

St. Louis, MO) was added to induce adipogenic differentiation following the method from 

Lysy et al [158]. Growth media was replaced in culture dishes twice weekly. After 14 days, 

lipid droplets of varying sizes were visualized in culture plates with a TE2000 inverted 

microscope (Nikon, Melville, NJ) and prepared for nanoextraction with an L-200 

nanomanipulator (DCG Systems, Inc. Fremont, CA) operating in coarse mode (100 nm 

resolution).  

 

4.4.2 Nanomanipulation  

Upon observation of lipid droplets, the differentiating media was removed and 

replaced with 1 mL of PBS (Fisher Scientific, Fair Lawn, NJ) for extraction. One joystick-

controlled piezoelectric nanopositioner holding a palladium-gold coated nanospray 

emitter with 1 ± .2 µm inner diameter (Econo12, New Objective, Woburn, MA) containing 

10 µL of extraction solvent consisting of 2:1 chloroform-methanol (v/v) with 0.1% 

ammonium acetate (all HPLC grade from Sigma Aldrich, St. Louis, MO),) was positioned 

above the adipocyte for whole cell extraction. This consisted of injecting the extraction 

solvent with 3 psi pressure from a four-channel pressure injector (MicroData Instrument 

Inc., S. Plainfield, NJ) for 0.1-0.5 seconds to cover the entire adipocyte in a solvent 

bubble. After visual confirmation of solvation of lipid droplets, the extraction solvent was 
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aspirated back into the nanospray emitter using 18 psi pressure. The emitter was 

transitioned out of the PBS with the nanopositioner and placed into the nanoelectrospray-

ionization source (Proxeon Biosystems, Odense, Denmark) for rapid mass analysis. The 

total process for single adipocyte extraction and mass analysis for each cell were 

performed in an average total time of ten minutes. Following extraction, growth medium 

can be replaced into the culture dish so cells continue to grow in incubation and used for 

further experiments.  

 

4.4.3 Mass Analysis 

  An LCQ DECA XP Plus 3D ion trap mass spectrometer (Thermo Finnigan, San 

Jose, CA) was utilized for NSI-MS and an LTQ XL Linear Ion Trap Mass Spectrometer 

(Thermo Finnigan, San Jose, CA) for ESI-MS. Typical analysis lasted on average one to 

two minutes for nanoelectrospray ionization, using settings of 2.5 kV source voltage, 250° 

C capillary temperature, 2.5 µA source current, and 3.35 V capillary voltage. A source 

voltage of 4.5 kV, source current of 1.5 µA, and capillary voltage of 44 V was used in 

electrospray-ionization for typical whole flask extraction spanning over 30 minutes of time. 

The method from Folch et al. [27] was followed to perform the whole flask digestion, 

dilution, and extraction for ESI-MS. The mass range used was from m/z 100 to 1,100 to 

observe multiple lipid classes that are contained within adipocytes. Extractions were 

performed in replicates of 7 for both large lipid droplet adipocytes and small lipid droplet 

adipocytes to ensure reproducibility of lipid presence. Large and small lipid droplet 

adipocytes consistently displayed the lipid profile reported in Figure 4.2. Data acquired 
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was processed with Xcaliber software (Thermo Finnigan, San Jose, CA) and put into 

graphical form with PSI-Plot (Poly Software International, Pearl River, NY).  

CID was performed to identify lipid species present and confirmed with known lipid 

fragmentation patterns previously published [32, 170-172] and LIPID MAPS online tools 

for lipid research (http://www.lipidmaps.org/). Examples of spectra obtained from CID are 

shown in Figure 4.3. MS2 was utilized for TAG ion m/z 876 which yielded an initial 

daughter ion at m/z 577 indicating a loss of 18:1 oleic fatty acid substituent. MS3 was then 

used on daughter ion m/z 577 to yield 18:1 and 16:0 fatty acid substituent ion losses at 

m/z 265 and 239 respectively. In addition, 18:1-H2O appeared at m/z 247 and 16:0 + 

glycerol backbone (+74) at m/z 313. This spectrum is consisted with TAG fragmentation 

patterns previously published [173]. MS2 of m/z 760 was performed which appeared in 

both the small lipid droplet adipocyte and whole flask extraction. The major daughter ion 

that appeared was m/z 184 indicating a protonated phosphocholine (PC) head group 

[172] in addition to known fatty acid losses shown from m/z 420-540. Characteristic 

palmitic 16:0 and oleic 18:1 + headgroup ions were obtained (m/z 478, 496 and 504) and 

consistent with previously published phosphocholine fragment patterns [171, 172]. MS2 

of m/z 786 also displayed m/z 184 protonated phosphocholine headgroup and a major 

daughter ion at m/z 504, indicating a loss of fatty acid 18:1. MS3 was then used on 

daughter ion m/z 504 which indicated an 18:1 fatty acid presence at m/z 265, in addition 

to a loss of N(CH3)3 at m/z 445 also concurrent with phosphocholine lipid fragmentation 

[171, 172, 174].  
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Figure 4.3 a.) MS3 spectrum of diacylglycerol daughter ion m/z 577 from initial CID of 

TAG ion m/z 876 with inset displaying m/z 150-400. b.) CID spectrum of 
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glycerophosphocholine m/z 760. c.) CID spectrum of glycerophosphocholine m/z 786 with 

inset MS3 spectrum of primary daughter ion m/z 504. 
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NANOMANIPULATION-COUPLED MATRIX-ASSISTED LASER DESORPTION/ 

IONIZATION-DIRECT ORGANELLE MASS SPECTROMETRY: A TECHNIQUE FOR 

THE DETAILED ANALYSIS OF SINGLE ORGANELLES 

5.1  Abstract 

We describe a novel technique combining precise organelle microextraction with 

deposition and matrix-assisted laser desorption/ ionization (MALDI) for a rapid, minimally 

invasive mass spectrometry (MS) analysis of single organelles from living cells. A dual-

positioner nanomanipulator workstation was utilized for both extraction of organelle 

content and precise co-deposition of analyte and matrix solution for MALDI-direct 

organelle mass spectrometry (DOMS) analysis. Here, the triacylglycerol (TAG) profiles of 

single lipid droplets from 3T3-L1 adipocytes were acquired and results validated with 

nanoelectrospray ionization (NSI) MS. The results demonstrate the utility of the MALDI-

DOMS technique as it enabled longer mass analysis time, higher ionization efficiency, 

MS imaging of the co-deposited spot, and subsequent MS/MS capabilities of localized 

lipid content in comparison to NSI-DOMS. This method provides selective organellar 

resolution, which complements current biochemical analyses and prompts for subsequent 

subcellular studies to be performed where limited samples and analyte volume are of 

concern.  

                                            
 This entire chapter is reprinted from [Phelps, M. S.; Sturtevant, D.; Chapman, K. D.; 
Verbeck, G. F.: Nanomanipulation-Coupled Matrix-Assisted Laser Desorption/ 
Ionization-Direct Organelle Mass Spectrometry: A Technique for the Detailed Analysis 
of Single Organelles. J. Am. Soc. Mass Spectrom. 27, 187-193 (2016)], with kind 
permission from [Springer Science + Business Media]. 



81 

5.2  Introduction 

The development of analytical techniques and instrumentation for single cell 

organelle analysis by mass spectrometry has been the focus of many groups over the 

last decade. Chemical differences of each organelle have been well documented in 

several biological systems due to the known heterogeneity of individual cells and 

organelles [6, 134, 166, 175, 176]. Several separation technologies have been 

implemented to enable single cell studies, such as microfluidic devices, capillary 

electrophoresis, flow cytometry [5, 176], laser capture microdissection [14, 177] and 

printed microarrays [178] to combat the inherent population averaging obtained from 

typical multiple cell analyses. However, these methods suffer from extensive extraction 

protocols and sample preparation. They also commonly require expenditure of an entire 

sample of cells, preventing the possibility for additional analysis of the same tissue or 

culture sample. 

We have developed a nanomanipulation workstation capable of collecting trace 

particles [131, 137, 179, 180], single cells and subcellular organelles [133, 134, 138]. The 

workstation can be equipped with up to four piezoelectric nanopositioners capable of 

simultaneously utilizing different end effectors, including microgrippers, nanospray 

emitters, and microelectrodes that perform low impedance electrical characterizations. 

The joystick-controlled nanopositioners have 12 mm range of motion in the X and Z axes, 

and 28 mm range in the Y axis. The translational resolution of the nanomanipulator allows 

for 100 nm and 5 nm in coarse and fine mode respectively.  Due to the precise targeting 

capability, extractions are performed discriminately, removing the need for lengthy 

chromatographic separations and simultaneously reducing matrix effects [131, 137]. This 
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allows extractions to be introduced directly into the mass spectrometer, via direct infusion 

mass spectrometry (DIMS), which reduces additional sample preparation and enables 

rapid mass analysis. Using DIMS in combination with NSI-MS has several advantages 

including small analyte concentration requirement (pmol/ µL), the removal of prerequisite 

sheath gas, and improved ionization efficiency [181]. 

Recently, we have shown the nanomanipulator can be used as a surface-probing 

technique, direct analyte-probed nanoextraction (DAPNe), to extract drug residue from 

latent fingerprints [179], individual fibers [137] and trace explosive materials [131] in 

combination with direct analysis in real time mass spectrometry (DART-MS) [180]. 

DAPNe has also been utilized for the analysis of document inks, demonstrating the ability 

to characterize the chemistry of both antique and modern documents without interfering 

with the integrity of the document [135]. The translational resolution of the 

nanomanipulator has been particularly useful for the biological investigation and analysis 

of single cells and organelles. In isolated and purified lipid droplets (i.e., released from 

several cells) from wild type and transgenic cottonseed embryos, NSI-DOMS revealed 

unexpected organelle-to-organelle heterogeneity of triacylglycerol (TAG) molecular 

species [134]. This discovery led to the single cell and organelle investigation of other cell 

types with the nanomanipulator. In human breast tissue, cancer associated adipocytes 

(CAAs) and adjacent healthy adipocytes revealed distinct differences in heterogeneity of 

TAG molecular species composition from extractions using a two-tip method with the 

nanomanipulator using NSI [138]. Vastly different lipid profiles were also obtained 

dependent on lipid droplet size from whole cell digestions of differentiated human 

adipocytes using NSI, which validated the workstation as a valuable tool for in vitro cell 
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cultures [182]. Using microextractions and NSI for biological work has proven 

advantageous in several experiments, but is not without issues and areas for 

improvement. Positioning of the nanospray capillary can greatly affect the resulting 

Figure 5.1 (a) Image of the nanomanipulator utilizing two nanopositioners fitted with 

nanospray emitters. (b) Post extraction schematic of the manipulator displaying the two 

emitters used for co-depositon of organelle content and matrix onto a glass slide in 

preparation for MALDI analysis 
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spectra obtained, especially in cases where the extracted analyte is concentrated near 

the end of the tip. The fragility of the nanospray emitter opening can be affected and 

damaged during the process of extraction by coming into contact with culture dishes and 

slides, which influences the resulting spray during ionization. Most importantly, the small 

volume of extracted cell content greatly limits analysis time with the sample. It is for these 

reasons that a different source for ionizing and analyzing extracted cellular content was 

desired, leading to the work presented here.  

MALDI mass spectrometry imaging (MALDI-MSI) has become revolutionary in 

mapping lipids [90], proteins [87], and other small molecules [93] in tissues, and 

additionally in combination with liquid chromatography [183]. However, its spatial 

resolution for single cell and organelle imaging has been limited by dispersement of 

analytes during spotting of matrix and laser spot size [184]. Here, we introduce a novel 

technique to provide an alternative solution to the problem, by coupling the 

microextraction capabilities of the nanomanipulation workstation with a co-deposition 

method for use in MALDI MS analysis using a high-resolution, accurate mass (<3 ppm 

[185]) hybrid MALDI-LTQ-XL-Orbitrap mass spectrometer. The nanomanipulator was 

equipped with two nanopositioners each fitted with a nanospray emitter; one for the direct 

microextraction and deposition of individual lipid droplets, and the second for matrix 

application (Figure 5.1). As a proof-of-concept experiment, we extracted individual, single 

lipid droplets from adipocytes that were differentiated from 3T3-L1 murine fibroblasts. The 

lipid-droplet microextracts were collected on-stage, spotted onto glass slides, and coated 

with a droplet of 2, 5 dihydroxybenzoic acid (DHB) matrix solution, all achieved using the 

nanomanipulation platform. Prepared samples were immediately analyzed using a 
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MALDI-LTQ-XL-Orbitrap at 100,000 resolution (at m/z 400). Individual lipid droplet 

triacylglycerol (TAG) profiles were acquired from full MS and MS/MS scans and were 

compared to the relative distribution of TAG lipid profiles collected using nanoelectrospray 

ionization mass spectrometry (NSI-MS) on a linear ion trap LTQ XL mass spectrometer. 

There have been similar attempts at single cell [165, 186-191] and organelle [192-194] 

analyses from tissues and cell cultures using both ESI/NSI and MALDI that merit 

significant recognition. However, each technique has its own advantages as well as a 

variety of shortcomings, such as non-discriminate extractions [187, 190, 191], limited time 

with samples and poor sensitivity [192], additional purification or digestion steps [186, 

187, 191, 193], and expenditure of multiple cells [177, 187, 193, 194].  Rubakhin et. al. 

[193] manipulated individual organelles onto a glass coverslip for MALDI analysis, but this 

method required liberation of organelles from multiple cells, losing spatial information, an 

additional washing step, and consumed the entire sample during a single laser ablation 

event, preventing MS/MS analysis. 

The technique described here provides a rapid, discriminate in vitro 

microextraction and analytical method for the analysis of single organelles without the 

consumption of multiple cells or additional purification and digestion steps. Using 

nanomanipulation-coupled MALDI-DOMS, we were able to achieve a minimum of 15 fold 

increase in analysis time per sample, up to three orders of magnitude higher ionization 

efficiency, and subsequent MS/MS capabilities following MSI of the co-deposited spot 

when compared to NSI-DOMS. 

5.3  Experimental 
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5.3.1 Adipogenic Differentiation  

3T3-L1 murine fibroblasts (ATCC, Manassas, VA, USA) were seeded in 33 mm 

glass bottom culture dishes (Matek, Ashland, MA, USA) at 15,000 cells per dish. Growth 

medium consisted of 3 mL Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% 

Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin (all from Sigma-Aldrich, St. 

Louis, MO, USA). Adipogenic differentiation was carried out using previously described 

methods [195-197]. Upon reaching 100% confluency (5 days), growth medium was 

removed and replaced with 3 mL differentiation medium consisting of DMEM with 10% 

FBS, 1% penicillin-streptomycin, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 µM 

dexamethasone, 10 µg/mL insulin, 0.2 mM indomethacin, and either 100 µM of palmitic 

acid or oleic acid to promote lipid droplet growth [196] (all from Sigma-Aldrich, St. Louis, 

MO, USA). Differentiation media was replaced every 2 days until lipid droplets were 

observed, approximately 14 days. When lipid droplets reached between 20-50 μm, 

differentiation medium was removed from the culture dish and replaced with 2 mL of 1X 

phosphate buffered saline (PBS) (Fisher Scientific, Fair Lawn, NJ, USA) in preparation 

for microextraction. The culture plates containing the differentiated adipocytes were then 

transferred to the nanomanipulator for microextraction. 

 

5.3.2 Microextraction of Lipid Droplets and Matrix Deposition 

An L200 nanomanipulator workstation (DCG Systems Inc., Fremont, CA, USA) 

was mounted on a TE-2000 inverted microscope (Nikon, Melville, NJ, USA) and equipped 

with a four-channel, 60 psi pressure injector connected to a nitrogen gas cylinder 

(MicroData Instrument Inc., S. Plainfield, NJ, USA). The nanomanipulator was equipped 
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with two nanopositioners, each holding a 1.0 ± 0.2 µm diameter palladium-gold coated 

nanospray emitter (New Objective, Woburn, MA, USA). Emitters for lipid droplet 

Figure 5.2 Mass spectrum obtained from co-deposited TAG (17:0/17:0/17:0) standard 

(top), average mol % of the six major peaks from the six co-deposited spots (middle), 

and table displaying mol % results from each spot, mean, and SD (bottom) 
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extractions were back-loaded with 10 μl of 2:1 chloroform: methanol (v/v). Emitter 

solvents for NSI-MS experiments were prepared with 0.1% ammonium acetate. Emitters 

for matrix deposition were back loaded with 10 μl of a 20 mg/mL DHB solution in 3:2 

acetonitrile: water (v/v) (DHB 98%, and all solvents HPLC grade from Sigma Aldrich, St. 

Louis, MO, USA). The co-deposition method using the nanomanipulation platform was 

tested in 6 replicates by backfilling and spotting a nanospray emitter with 250 µg/mL TAG 

standard (17:0/17:0/17:0) (Sigma Aldrich, St. Louis, MO, USA) in chloroform, followed by 

matrix deposition with the second nanopositioner (Figure 5.2).   

Using the control joystick, the nanospray extraction emitter was directed towards 

a selected lipid droplet and positioned within the lipid droplet (Figure 5.3 (a)). The contents 

of the respective lipid droplet were aspirated into the tip using 20 psi from the pressure 

injector. The emitter was then transitioned out of the culture dish and the culture dish 

removed. The nanospray emitter containing the lipid droplet was either: a) removed and 

directly transferred to the NSI source for NSI-MS analysis or b) was brought into contact 

with a glass slide and was ejected from the emitter at a pressure of 1.5 psi for 

approximately 0.3 seconds. The solvent was allowed to evaporate and was pulse-spotted 

approximately 20 additional times (Figure 5.3 (b)). The second emitter containing matrix 

solution was then positioned on top of the analyte spot, and ejected from the emitter at a 

pressure of 1.5 psi, until the original spot was fully covered with matrix (Figure 5.3 (c)). 

Experiments were performed in 4 replicates (n=4) for both NSI and MALDI experiments. 

5.3.3 MALDI-LTQ-Orbitrap Analysis 

MALDI-DOMS experiments were conducted on a MALDI-LTQ-XL-Orbitrap 

(Thermo Scientific, San Jose, CA, USA). The instrument was equipped with an  
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Figure 5.3 (a) Nanospray emitter positioned within lipid droplet of a 3T3-L1 differentiated 

adipocyte in preparation for microextraction (b) Following microextraction, the nanospray 

emitter (top) is shown depositing the dissolved lipid droplet contents onto a precleaned 

glass slide, the second emitter (left) is utilized to spot matrix solution on top of the analyte 

spot, resulting in an ~450 μm matrix spot (c). Scale bars represent 50 μm  
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intermediate pressure MALDI source (75 mTorr) using a 337 nm N2 laser (MNL 100; 

Lasertechnik Berlin, Germany). Instrument experimental conditions were as follows: 12 

µJ energy per laser shot, 10 laser shots per spectra, laser raster motion was set at a 50 

µm step size. Data acquisition was collected in positive ion mode using a mass range of 

m/z 700-1000 and mass resolution of 100,000 (at m/z 400). MS/MS experimental CID 

conditions were: 1.0 u isolation width, 30.0 % collision energy (arb), and 40.0 msec 

activation time.  

 

5.3.4 NSI LTQ Analysis  

NSI-MS experiments were conducted on an LTQ XL linear ion trap mass 

spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with a NSI source 

(Proxeon Biosystems, Odense, Denmark). Instrument experimental conditions were as 

follows: spray voltage of 2.5 kV, with 200° C capillary temperature and capillary voltage 

of 9 V.  Scans were analyzed in positive mode with a mass range of m/z 100-1000.  

 

5.3.5 Data Analysis 

Spectra processing for both NSI and MALDI experiments was performed using 

Xcalibur v 2.2 (Thermo Scientific, San Jose, CA, USA). Image processing for the co-

deposited spots was performed with ImageQuest v 1.01 (Thermo Scientific, San Jose, 

CA, USA). Spectra were plotted using PSI-Plot (Poly Software International, Pearl River, 

NY, USA). 
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5.4  Results and Discussion 

5.4.1 Nanomanipulator Single Organelle Extraction and Deposition 

The precise translational resolution of the nanopositioners allowed the exact 

positioning of the emitter tip within single lipid droplets, ensuring that during the extraction 

only the lipid droplet and its contents were aspirated (Figure 5.3 (a)). In the emitter, the 

lipid droplet becomes dispersed in extraction solvent and is primarily concentrated at the 

emitter tip. This proved beneficial during analyte spotting for MALDI-DOMS, as the 

dissolved sample was expelled from the emitter within the first microliter spotted. Spotting 

the lipid droplet was achieved using a pulse-spotting method, where small sub-microliter 

amounts of dissolved analyte were spotted onto the slide, solvent was allowed to 

evaporate, and the process was repeated approximately 20 times. The combination of 

the pulse-spotting method and analyte concentration in the emitter tip yielded small, 

concentrated spots between 50-100 µm (Figure 5.3 (b)). 

5.4.2 Nanomanipulator Matrix Spotting 

Following analyte deposition, the matrix filled emitter was positioned immediately 

above the spot, and a sub-microliter amount was expelled with one pulse of the pressure 

injector. Matrix spots were able to be created as small as 57 µm, and proved tunable by 

increasing injection time using the pressure injector. To enable sufficient analysis time 

with extraction, the matrix spots created for this work were on average 485 + 95 µm in 

size (Figure 5.3 (c)). DHB was selected as a matrix here for its well documented and 

favorable characteristics for ionization of lipids including its ionization efficiency at 337 

nm, high achievable sensitivity, and lack of matrix interference in the m/z range for TAGs 
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Figure 5.4 (a) Total ion count of the co-deposited organelle content and matrix spots. (b) 

Selected TAG [50:2 + Na]+ at m/z 853.72 ± 0.003. (c) 50 carbon acyl spectrum obtained 
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from total ion count, with red box indicating TAG selected for MS/MS analysis. (d) 

Resulting spectrum from CID of m/z 853.7283 with fatty acid losses highlighted. 100 μm 

scale bars 

(m/z 750-1000) [198]. DHB at 20 mg/ml was used as the matrix concentration for MALDI-

DOMS, which provided sufficient material to produce a mass spectrometry image (MSI) 

of the entire spot and allow a second pass to conduct MS/MS experiments without 

recoating the analyte with matrix. DHB, as noted previously [105, 199], is notorious for 

forming large (>50 μm) crystals during recrystallization from solvent. This can be 

especially problematic for tissue imaging mass spectrometry (IMS), where very small 

matrix crystal size is directly correlated with achievable spatial resolution of MS images 

and required to minimize delocalization of signal [105]. For MALDI-DOMS, as the analyte 

has already been dissolved in the extraction solvent and co-crystalized with the matrix, 

thus further delocalization of signal from large crystal size was inconsequential. 

5.4.3 MALDI-DOMS MSI 

Figure 5.4(a) shows the MSI image of the total ion count of an extracted and 

deposited lipid droplet coated with matrix. After analysis, the MS image can be queried 

for the localization of a selected compound, and a heat map will be generated for the 

specified target. Here, the spot in Figure 5.4 (a) was searched for the exact mass of TAG 

50:2 [M+Na]+, at m/z 853.762 + 0.003, which resulted in the image shown in Figure 5.4(b). 

A total of 87 data points, and corresponding spectra, were obtained from this image. 

Furthermore, once the x and y coordinates of an analyte are known, location of the same 

coordinates can be re-analyzed for additional experiments. This is a significant 

improvement to the NSI-DOMS technique, where the analyte is quickly expelled from the 
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emitter tip, ~30 seconds, limiting the potential exploration for MS/MS experiments. Using 

the MALDI-DOMS technique, we were able to analyze the same x and y coordinates up 

to four additional times after the initial full MS scan of the MSI. As proof of concept, we 

re-analyzed the spots in Figure 5.4 (b) for MS/MS experiments. In 3T3-L1 adipocytes, 

TAG 50:2 can have a multitude of acyl compositions, such as (16:0/16:1/18:1), 

(16:0/16:0/18:2) or (16:1/16:1/18:0). MS/MS analysis is needed for proper assignment as 

the example molecular species have identical masses. We selected m/z 853.72 for 

collision-induced dissociation (CID) MS/MS experimentation, Figure 5.4 (c). Coupling the 

MALDI-DOMS technique with the high resolution and MS/MS capabilities of the 

instrument enabled ample analysis time and determination of the acyl composition of TAG 

50:2. The resulting fragments (Figure 5.4 (d)) indicated exact mass fatty acid losses of 

parent TAG composition (16:0/16:1/18:1).  

 

5.4.4 MALDI-DOMS vs NSI-DOMS Data Analysis 

MALDI-DOMS and NSI-DOMS techniques were used for lipid droplet extractions 

and the corresponding spectra of those lipid droplets are displayed. Figure 5.5 (a-b) 

illustrates the relative distribution of spectra from two separate lipid droplets and Figure 

5.5 (c) shows mol % comparison of the major TAG species from all extractions. The 

resolution of the Orbitrap provides clear baseline resolved and accurate mass ion signals 

defining the TAG profile obtained from the extractions. It should be noted to explain the 

slight disparity in mass range, that the MALDI-DOMS spectra are adducted with sodium 

and the NSI-DOMS spectra are adducted with ammonium. The differences in the 

composition of TAG molecular species as shown in Figure 5.5 (c), are illustrative to the 
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heterogeneity of individual organelles and complementary to previous work [5, 14]. To 

further show the similarities in relative distribution of TAG molecular species obtained 

from the two ionization methods 

 

Figure 5.5 Triacylglycerol molecular species profiles obtained from microextractions of 

individual lipid droplets using the described method. Spectrum a) displays the profile 

obtained from the co-deposited extraction and matrix technique from the MALDI-LTQ-
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Orbitrap [M+Na]+. Spectrum b) displays the TAG profile obtained from NSI [M+NH4]+ on 

a linear ion trap. Peak labels indicate the total number of carbons in the acyl chains 

followed by the total number of double bonds. (c) Mol% comparison of the major TAG 

species from all extractions 

in similar sized lipid droplets, a close-up of the 48 carbon TAG region (Figure 5.6 (a-b) 

and (c-d) respectively) is presented. The high, 100,000 resolution (at m/z 400), of MALDI-

DOMS using an Orbitrap mass analyzer, is clearly able to resolve the 48 carbon TAG 

species, and provides accurate mass (m/z + 0.003) information regarding these molecular 

species. NSI-DOMS using a linear ion trap mass analyzer was able to provide 

compositional data regarding the 48 carbon TAGs, however with the lower resolution, 

accurate mass is not able to be determined and limited mass analysis time with sample 

did not allow for MS/MS analysis. 

5.5  Conclusions 

Commonly used single cell and organelle extractions often involve lengthy 

chromatographic separations, purification steps, digestions, and/or harsh chemical 

treatments in which spatial context of the cells and organelles is lost during the extraction 

process [131, 137, 187, 193]. The precise targeting capability of the nanomanipulator 

avoids these issues by discriminately microextracting organelles, significantly reducing 

sample preparation time (< 30 minutes for extraction and analysis), and leaving the 

remaining cell culture architecture intact. This attribute of the nanomanipulator is highly 

applicable for clinical diagnostics, where patient samples and cultures can be limited due 
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to the practitioner only being able to biopsy or remove small amounts of tissue. In plated 

cell cultures, the number of attainable microextractions using the nanomanipulation 

platform is only limited to the number of cells and how long the investigator is able to 

maintain the culture.  

 

Figure 5.6 (a)-(b) Bright field image of lipid droplet microextraction and corresponding 

MALDI-DOMS mass spectrum of the 48 carbon TAG molecular species. TAG species 

were detected as [M+Na]+. (c-d) Bright field image of lipid droplet microextraction and 

corresponding NSI-DOMS mass spectrum of the 48 carbon TAG molecular. TAG species 

were detected as [M+NH4]+. Bright field images taken using 40x magnification. Scale bars 

represent 50 μm 
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The results presented here validate this technique for single organelle analysis for 

cells in vitro. This allows for subsequent subcellular studies to probe cellular function and 

progression of diseases due to the integrity of remaining cell culture being 

uncompromised. Lipid droplets, due to their size, were targeted as a proof-of-concept 

method. Targeting other organelles would require adjustment of tip diameter and tailored 

solvent. The introduction of this technique is intended as a rapid platform of analyzing 

individual organelles selectively that provides more time with the extracted analyte than 

typical NSI and also leaves the remainder of the cell sample intact. This allows for 

additional analysis on following days, which would be especially useful for progressive 

diseases.  Additional experiments will need to be performed to optimize this technique, 

such as determining ideal spot size, alternative matrices, and optimal laser energies. 
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METHODS AND PROTOCOLS: 

 ANALYSIS OF LIPIDS IN SINGLE CELLS AND ORGANELLES USING 

NANOMANIPULATION-COUPLED MASS SPECTROMETRY 

6.1  Abstract 

The ability to discriminately analyze the chemical constituents of single cells and 

organelles is highly sought after and necessary to establish true biomarkers. Some major 

challenges of individual cell analysis include requirement and expenditure of a large 

sample of cells as well as extensive extraction and separation techniques. Here we 

describe methods to perform individual cell and organelle extractions of both tissues and 

cells in vitro using nanomanipulation coupled to mass spectrometry.  Lipid profiles display 

heterogeneity from extracted adipocytes and lipid droplets, demonstrating the necessity 

for single cell analysis. The application of these techniques can be applied to other cell 

and organelle types for selective and thorough monitoring of disease progression and 

biomarker discovery. 

6.2  Introduction 

Lipids are vital to cell physiology, serving functions in cellular membranes, energy 

storage, and cellular signaling. Their roles and pathways in metabolism have warranted 

several implications relating to metabolic disorders and an entire field dedicated to their 

 This entire chapter is reprinted from [Phelps, M. S.; Verbeck, G. F.: Analysis of lipids in 
single cells and organelles using nanomanipulation-coupled mass spectrometry. In 
Methods in Molecular Biology], Ahead of Print (2016) with kind permission from 
[Springer Science + Business Media]. 
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studies, lipidomics [200, 201]. Small sample volumes and analytical limitations for 

lipidomics experiments have resulted in several extraction and separation protocols, 

which typically require expenditure of a large group of cells from both tissues and cell 

cultures. While useful, the results procured represent an inherent average of cell 

population and loss of spatial chemical information. The need for individual cell and 

organelle analyses has been made obvious as improvements to analytical tools have 

revealed cellular and subcellular heterogeneity [5, 6, 165, 175, 176, 202, 203]. Many 

single cell analytical techniques have been introduced to negate the problem of 

population cell averaging [14, 160, 177, 178, 186, 187, 189-194], but have significant 

drawbacks including consumption of entire cell sample[177, 187, 193, 194], lack of 

chemical structural information [160] or targeted specificity [190, 191], and lengthy 

purification, separation, and digestion requirements [186, 187, 191, 193].   

 We describe alternative solutions to these issues in protocols for obtaining both 

individual cell and organelle lipid profiles by using a nanomanipulation platform coupled 

to mass spectrometry utilizing multiple ionization sources. The nanomanipulator our 

group has developed is ideal for discriminately extracting and manipulating cellular 

components [134, 138, 204, 205] and small particles [135, 137, 179, 180], due to having 

precise translational resolution on the nanometer scale. The technique avoids separation 

and purification steps, and is useful for both tissues and cells in culture, with adipocytes 

being the subject for the following methods. The specificity and non-invasiveness of the 

nanomanipulator enables a rapid way to obtain and accurately analyze targeted 

biomaterials of interest, while leaving the rest of the tissue section or cell culture intact for 

further experiments.  Described here are the protocols successfully used to perform single 



106 
 

cell tissue extractions, in vitro whole cell digestions, and in vitro organelle extractions 

stemming from refs [138], [204], and [205] respectively.  

 

6.3  Materials 

6.3.1 Tissue extractions 

 1. CM 1850 Cryomicrotome for tissue sectioning (Leica Microsystems, Buffalo 

 Grove, IL) 

 2. Glass slides (cat. no. 12-550-15, Fisher Scientific, Fair Lawn, NJ) 

 3. P-2000 CO2-laser tip puller system (Sutter Instruments, Novato, CA) 

 4. Solid quartz rods (cat. no. QR100-10, Sutter Instruments, Novato, CA) 

 5. Econo12 PicoTip Nanospray Emitters (New Objective, Woburn, MA) 

 6. L200 nanomanipulator (DCG Systems, Inc. Fremont, CA) 

 7. Methanol (MeOH) (Optima LC/MS Fisher Scientific, Fair Lawn, NJ)  

 8. Chloroform (CHCl3) (CHROMASOLV ® for HPLC Sigma Alrich, St. Louis, MO)  

 9. Ammonium acetate (NH4OAc) (cat. no. A1542, Sigma Aldrich, St. Louis, MO) 

 10. Pressure injector (MicroData Instrument Inc., S. Plainfield, NJ) using nitrogen 

 gas  

 11. Breast cancer and adjacent healthy tissue (Cureline, Inc. South San Francisco, 

 CA) 

 12. AZ100 microscope (Nikon, Melville, NJ) 
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6.3.2  Cell culture Extractions 

 1. Primary human skin fibroblasts (Coriell Institute, Camden, NJ) 

 2. 3T3-L1 murine fibroblasts (ATCC, Manassas, VA) 

 3. 35 mm round glass bottom culture dishes (MatTek, Ashland, MA) 

 4. Penicillin/streptomycin (cat. no. SV30010, Thermo Scientific, San Jose, CA) 

 5. Humalog insulin (Lilly, Indianpolis, IN)  

 6. TE2000 inverted microscope (Nikon, Melville, NJ) 

7. Dulbecco’s modified eagle’s medium (DMEM) (cat. no. D6429), Fetal bovine 

serum (FBS) (cat. no. F6178), 3-isobutyl-1-methylxanthine (IBMX) (cat. no. I5879), 

Dexamethasone (cat. no. D4902), Indomethacin (cat. no. I7378), 2,5-

Dihydroxybenzoic acid (DHB) (cat. no. 149357), Palmitic acid (cat. no. P5585), 

Oleic acid (cat. no. O1383), Palmitic acid-1-13C (cat. no. 292125), and Oleic acid-

1-13C (cat. no. 490423) (all from Sigma-Aldrich, St. Louis, MO) 

8. Phosphate buffered saline (PBS) (Fisher Scientific, Fair Lawn, NJ) 

9. Acetonitrile (ACN) (Optima LC/MS Fisher Scientific, Fair Lawn, NJ) 

10. Ultrapure 18.2 MΏ water (Milli-Q®, Billerica, MA) (H2O) 

 

6.3.3 Mass Spectrometry  

 1. NSI ionization source (Proxeon Biosystems, Odense, Denmark)  

 2. LCQ DECA XP Plus mass spectrometer (Thermo Scientific, San Jose, CA) 

 3. LTQ XL mass spectrometer (Thermo Scientific, San Jose, CA) 

 4. MNL 100 337 nm N2 laser (Lasertechnik, Berlin, Germany) 

 5. MALDI-LTQ-XL-Orbitrap (Thermo Scientific, San Jose, CA) 
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6.3.4 MS Data Processing 

 1. Xcalibur v 2.2 (Thermo Scientific, San Jose, CA) 

 2. ImageQuest v 1.01 (Thermo Scientific, San Jose, CA) 

 3. PSI-Plot (Poly Software International, Pearl River, NY) 

 

6.4  Methods 

6.4.1 Single cell tissue extraction 

1. Section tissue in 80 µm thick (see Note 1) sections using a cryomicrotome and 

place onto glass slides directly before extraction experiments. 

2. Prepare extraction solvent consisting of 2:1 CHCl3: MeOH (v/v) with 0.1% 

NH4OAc. This solvent should be prepared and stored using glass the day of 

extraction (see Note 2). Backfill 10 µL of solvent into the nanospray emitter and 

place into a nanopositioner connected to the pressure injector for aspiration 

and injection of solvent.  

3. A quartz rod can be pulled using a P-2000 tip puller system to create an ~8 µm 

probe using a pull setting of 55, heat setting of 700, delay setting of 130, and 

velocity setting of 55. This is used to create a puncture in the targeted adipocyte 

before nanoextraction to avoid both clogging of the nanospray emitter and 

unwanted membrane chemistry. Quartz probes for puncturing of tissue can be 

made prior to extraction if kept in a sealed container. Place the pulled quartz 

probe into a second nanopositoner, (Figure 6.1A) and glass slide with tissue 

sections onto the microscope.  
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Figure 6.1 A. Image showing nanomanipulator station mounted onto the AZ100 

microscope equipped with 2 nanopositioners for use in puncturing and tissue extraction. 

B. Adipocyte in healthy human breast tissue post quartz rod puncture, 25 µm scale bar. 

C. TAG profile obtained from healthy breast tissue adipocyte extraction. D. TAG profile 

obtained from adjacent cancerous adipocyte extraction. 

 

4. After locating the adipocyte, direct the nanopositioner holding the quartz probe 

using the joystick to the membrane and within using the z direction. Upon 

removal of the quartz probe from the adipocyte, a distinct puncture site should 

be observed. (Figure 6.1B)  

5. Following confirmation of puncture site, transition the adjacent nanopositioner 

holding the nanospray emitter and extraction solvent directly into the puncture 
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created by the quartz probe. For tissue extractions, use the injection control for 

0.5 seconds at a pressure of 5 psi to release extraction solvent into the 

adipocyte and disrupt the tip-to-tissue interface. Following injection, aspirate 

the injected solvent and digested lipid content obtained using a pressure of 20 

psi from 1 to 5 seconds.  

6. Remove the nanospray emitter from the cell using the z direction of the 

nanopositioner. Allow at least 5 minutes for extracted content and solvent to 

mix before transferring emitter to the nanospray source for mass analysis (see 

Note 3).  

7. Follow nanoelectrospray ionization protocol, section 6.4.5. Figure 6.1 shows an 

example of the results obtained from extraction of a healthy adipocyte (Figure 

6.1 C) in comparison to a cancerous adipocyte (Figure 6.1 D) from human 

breast tissue. See ref [138] for more information.  

6.4.2 Adipogenic Differentiation 

This differentiation protocol can be applied to both 3T3-L1 murine and primary human 

fibroblast lines adapting established methods, [158, 196, 197] and incorporating 13C 

labeled and non-labeled fatty acids in the 3T3-L1 cell line for uptake monitoring.  

1. Seed fibroblasts into 35 mm round glass bottom culture dishes at 15,000 cells per 

dish in 3 mL of medium. Growth medium consists of DMEM containing 10 % FBS 

and 1 % penicillin/ streptomycin, and should be replaced every 2-3 days. Store 

cultures in a 5% CO2 incubator at 37° C.  

2. When cells reach 100% confluency (~2 weeks), remove growth medium, rinse with 

1X PBS, and replace with 3 mL of differentiation medium. Prepare differentiation 
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medium by incorporating 10 µg/mL insulin, 1 µM dexamethasone, 0.2 mM 

indomethacin, and 0.5 mM IBMX into growth medium, and also replace every 2-3 

days. Additionally 100 µM of 13C labeled or non-labeled oleic and palmitic acid can 

be added to differentiation medium to encourage lipid droplet growth [196] and 

perform tracking studies of specific fatty acid uptake. 

3. Lipid droplets of varying sizes should be visualized within 10-14 days of addition

of differentiation medium. 

6.4.3 Whole cell digestion in culture 

1. Prepare culture dish for nanomanipulation and extraction by removing growth

medium from culture dishes, rinse with 1 mL of 1X PBS, and add 1 mL of 1X PBS. 

2. Backfill 10 µL of extraction solvent into a nanospray emitter as directed in section

6.3.1(see Note 4). 

3. Place culture dish containing adipocytes onto inverted microscope, focusing on

targeted cell for digestion and transitioning the nanopositioner holding the emitter 

directly above and just in contact with (see Note 5) the cell using the joystick. 

4. Use the inject function of the pressure injector for 0.1-0.5 seconds at 3 psi to create

a solvent bubble to cover the whole adipocyte. Dissolvation of cell and lipid 

droplets within should be visually confirmed before aspiration back into the emitter 

occurs (see Note 6). 

5. Perform aspiration of solvent and dissolved adipocyte contents using 18 psi

pressure until visual confirmation of retracting solvent bubble is complete (see 

Note 7). 
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6. Remove the nanospray emitter from the culture dish using the z direction of the 

nanopositioner, and allow to mix for 5 minutes. 

7. Follow nanoelectrospray ionization protocol, section 6.4.5. An example of the 

results obtained is displayed in Figure 6.2. See ref [204] for detailed information.  

 

Figure 6.2 A. Lipid profile obtained from performing whole cell digestion of a differentiated 

human adipocyte containing small lipid droplets shown in B. Corresponding lipid profile 

obtained from digesting an adipocyte containing large lipid droplets from the same culture 

dish shown in D. Scale bar 25 µm. 
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6.4.4 Direct organelle extractions 

1. Prepare adipocytes for extraction and nanospray emitter as directed in sections 

6.4.3. and 6.3.1.  

2. Direct nanospray emitter using joystick-controlled nanopositioner to targeted 

adipocyte containing lipid droplets of interest. Using the z direction of the joystick, 

position the tip of the emitter directly into contact with the center of the targeted 

lipid droplet. 

3. Gradually and carefully continue increasing the depth of the z direction until the tip 

of the emitter breaks the surface tension of the lipid droplet membrane (Figure 6.3 

A) and is visually observed within the targeted lipid droplet (see Note 8).  

4. Use the aspiration function of the pressure injector with 20 psi pressure to retrieve 

organelle content into the nanospray emitter, stopping when the lipid droplet is no 

longer observed in the microscope (Figure 6.3 CD).  

5. Remove the nanospray emitter with extracted organelle content out of the culture 

dish and allow to mix for 5 minutes.  

6. Extracted cell content can either be analyzed using nanoelectrospray ionization 

(section 6.4.5, example of results shown in Figure 6.3 B) or by MALDI using a co-

deposition method (section 6.4.6, example of results shown in Figure 6.4 C).  

6.4.5 Nanoelectrospray- Direct organelle mass spectrometry (NSI-DOMS) 

1. Following extraction procedures, transfer nanospray emitter to NSI source, 

positioning the tip of the emitter slightly offset from the inlet of the heated capillary 

(see Note 9).  

2. Set instrumental conditions as follows:  
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a. LCQ DECA XP Plus – Source voltage 2.5 kV, capillary temperature 250 °C, 

capillary voltage 3.5 V, positive mode, mass range of m/z 500-1000 (see 

Note 10) 

b. LTQ XL – Source voltage 2.5 kV, capillary temperature 250 °C, capillary 

voltage 9 V, positive mode, mass range of m/z 500-1000 

 

Figure 6.3 A. Nanospray emitter within individual lipid droplet of 3T3-L1 adipocyte, 

performing aspiration of organelle content. B. NSI-MS TAG profile obtained from 

extraction of the lipid droplet. C. Nanospray emitter in contact with one lipid droplet before 

extraction. D. Post extraction image of organelle shown in C. 50 µm scale bars. 
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6.4.6 Matrix-assisted laser/desorption ionization (MALDI-DOMS) 

1. Prepare fresh matrix solution of 20 mg/mL DHB in 3:2 ACN: H2O (v/v), and backfill 

10 µL into a second nanospray emitter for deposition of matrix.  

2. Following extraction of organelle content (section 6.4.4), remove culture dish from 

inverted microscope and replace with a clean glass slide.  

3. Direct nanopositioner containing extracted organelle content to come just into 

contact with the glass slide (see Note 11).  

4. Pulse-spot extracted content at 1.5 psi using the pressure injector for 0.3 seconds.  

5. Allow spotted content to dry, and repeat ~20 times to create a concentrated spot 

of analyte on the glass slide. Transition the nanopositioner away from the area.  

6. Direct the second nanopositioner containing matrix solution directly above and in 

contact with the analyte spot created.  

7. Use the inject function of the pressure injector to spot matrix on top of the extracted 

lipid content at 1.5 psi until the original spot is covered with matrix. Allow to dry 

and observe matrix crystals formed (Figure 6.4 A) (see Note 12).  

8. Place glass slide into the glass slide adapter for MALDI mass analysis.  

9. Inject the MALDI plate into the instrument, and locate the co-deposited spot by 

scanning the glass slide with the camera.  

10. Set instrumental conditions as follows: 50 µm laser raster motion step size, 10 

laser shots per spectra, mass range of m/z 700-1000,  12 µJ energy per laser shot, 

acquired in positive ion mode. Set resolution of instrument to 100,000 (at m/z 400). 

By acquiring a scan of the co-deposited spot, a mass spectrometry image (MSI) 
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(Figure 6.4 B) is created which allows for localization of selected lipids. An example 

of the mass spectrum obtained is shown in Figure 6.4 C. See ref [205] for more 

information. 

Figure 6.4 A. Co- deposition spot consisting of extracted lipid droplet content followed by 

DHB matrix deposition, with both nanospray emitters shown above. B. MSI image created 

from the total ion count of the co-deposited spot. 100 µm scale bars. C. TAG profile 

obtained from lipid droplet extraction with 100,000 resolution using MALDI. 
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6.5  Notes  

 1. For MALDI imaging of tissues, a much thinner tissue section is typically desired. 

However for nanomanipulation purposes, a thicker section is needed to ensure that drying 

out of the section does not occur. A thickness of 80 µm allowed for several hours of 

extractions before the sample dried out compared to 20, 30 and 40 µm sections. 

Additionally, the added thickness of tissue provides a more pliable surface for the emitter 

and probe to come into contact with before reaching the glass surface.  

 2. This extraction solvent is suitable for multiple classes of lipids, such as 

diacylglycerols, triacylglycerols, and some glycerophosphocholine species. The solvent 

can and should be adjusted for targeting of different cellular components.  

 3. If the extraction is taken immediately to the ionization source without sufficient 

time for mixing, the time for mass analysis is greatly decreased (seconds vs. minutes). 

By allowing the extracted analyte and solvent time to mix, more mass analysis time is 

procured for the sample. This provides a more representative lipid profile and enables 

MS/MS experiments to be performed. However, the limited volumes of extracted cell 

content is certainly not completely resolved with additional time for mixing. An average of 

2 minutes analysis time was obtained with individual cell extractions from human breast 

tissue.  

 4. When backfilling an emitter, it is important to avoid air bubbles. If a bubble is 

present at the tip opening, it becomes difficult to create a tip-to-surface interface for 

successful injection and aspiration of analyte. Additionally if an air bubble is present in 

the emitter during NSI, detection of cell and organelle content may not occur or a drop in 

signal will appear in the chromatogram as the air bubble reaches the emitter tip opening.    



118 
 

 5. The fibroblasts and adipocytes described in this work form a very thin, adhered 

layer to the glass of the culture dish. If the emitter is directed too quickly or deeper than 

just into contact with the cell, the tip will come into contact with the glass and possibly 

break or affect the tip opening diameter. Decreasing the speed of the z direction on the 

nanomanipulator can help with this problem, as well as changing the material of the 

emitter used (quartz vs. glass).  

 6. The tip opening diameter of emitters can vary, especially of those created in-

house or those that may have come into contact with the glass of the cell culture dish. It 

is important to adjust the pressure parameter on the injector to accommodate diameter 

size. Smaller tip opening diameters often require higher injection pressures, while larger 

tip openings require lower injection pressures to be used effectively. If the pressure is not 

changed for a larger tip opening, the injection of solvent will create a much larger solvent 

bubble than desired, reaching multiple cells and negating the purpose of performing 

individual cell extractions.  

 7. Due to the immiscibility of the extraction solvent with PBS, the solvent bubble 

created from injection will remain attached to the nanospray emitter during the 

dissolvation event. During aspiration, the solvent bubble will retract back into the emitter, 

becoming smaller and smaller until the entirety of the injected solvent is collected back 

into the emitter. It is at this point when the user can stop the aspiration event. The time 

using this function will vary based on the size of the solvent bubble created.  

 8. The positioning of the tip opening at the center of the lipid droplet is crucial for 

successful entering of the emitter. If positioned on an outer edge of the droplet, the emitter 

will not break the surface tension and enter for extraction, it will merely push the organelle 
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in motion with the tip. Just as the emitter enters the lipid droplet, stop increasing depth 

using the z direction to avoid contact with the glass below.  

 9. If the emitter is positioned directly center towards the opening of the capillary of 

the mass spectrometer, a concentrated amount of solvent molecules with varying size 

distributions will enter the mass spectrometer [206], affecting sensitivity, buildup of 

residue on the capillary,  and signal intensity [207].  

 10. This mass range is suitable for encompassing multiple lipid classes in positive 

ion mode. The mass range can be adjusted to observe targeted lipid classes, such as 

triacylglycerols (m/z 750-950), or when utilizing tandem mass spectrometry to view 

product ions.  

 11. Owing to capillary action, extracted content and solvent may release from the 

emitter when coming into contact with the glass slide. If this happens, direct the emitter 

away from the slide using the z direction control, and allow spotted content to dry. 

Continue bringing the emitter into contact with the glass in the same spot to create a 

concentrated area of analyte.  

 12. If matrix crystals do not form uniformly over concentrated analyte spot, bring 

the nanospray emitter containing matrix back into contact with the spot and inject 

additional matrix over the area. If left for too long, the matrix solution within the nanospray 

emitter can crystallize towards the tip opening and block/clog the injection function. If this 

happens, obtain and backfill a new nanospray emitter with fresh matrix solution.  
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CONCLUSIONS AND FUTURE WORK 

The number of potential biological applications for using nanomanipulation with 

mass spectrometry is, at this point, virtually limitless. The limited amount of studies using 

this technology thus far speak volumes regarding the importance of individual cell and 

organelle analyses, and have only begun to scratch the surface for lipidomics type 

characterizations. Combining the discriminate selectivity and extraction capabilities of the 

nanomanipulator with the high sensitivity of multiple mass spectrometry platforms 

provides the opportunity to characterize diseased cells and tissues in a truly unique way. 

When patient samples or cell cultures are limited, this technique could be applied for 

multiple analyses or time-dependent studies. Furthermore, the minimally invasive 

technique described throughout this manuscript allows for additional extractions to be 

made, which could be very important in progressive-type disease studies. Improvements 

in the methods discussed could be made in creating manipulation automation and high-

throughput capabilities, as well as direct online coupling with a mass spectrometer. The 

focus of this manuscript has been pointed towards lipidomics characterizations, but 

different biological species and organelles demand to be investigated with this technique 

as well. Initial studies targeting individual chloroplasts were performed recently, with 

success in isolating chloroplast material for co-deposition using the MALDI-DOMS 

method, see Figure 7.1.  

Improvement of the MALDI-DOMS technique for targeting other organelles could 

be performed with variation of tip opening diameters and extraction solvents. Optimizing 

the extraction with the use of alternative matrices for detection of suppressed analytes 
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would be beneficial as well. It has been shown that graphene and graphitic-like matrices 

can help in reduction of precursor ion fragmentation, high salt tolerance, and decreased 

background matrix signals [114, 115, 208]. Colloidal graphite has been used as a matrix 

helped to improve the signal of lipid cerebrosides [209], which can show suppression of 

signal with 

Figure 7.1 Isolation of an individual chloroplast with the nanomanipulator using an 

uncoated glass capillary with a 1.0 ±0.2 µm tip opening diameter. The chloroplast was 

isolated and analyzed using the described MALDI-DOMS technique. Scale bars shown 

at 100 µm. 

common organic matrices due to dominant phospholipid species. Additionally, this matrix 

allowed for the simultaneous detection of both protein and lipid species [210]The creation 

of these matrices, however, can often be a lengthy process involving several synthesis 

steps, chemical vapor deposition, spin coating, oxidation/ reduction reactions, and more 

[211]. Recently, Lin et. al. created porous graphene films in a simple one-step approach 

by ablating commercial polyimide film (Kapton), terming the results laser-induced 

graphene (LIG) [212]. This work inspired a similar laser-induced attempt at using Kapton 

as a carbon source for an alternative matrix for biological material. Kapton film (0.005 in 
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thickness) was placed on top of a pre-cleaned glass slide, and a 337 nm N2 laser was 

fired at 80 µJ per shot in a 20 µm step raster pattern to create a ~ 1.0 x 1.0 mm square 

ablation area, see Figure 7.2. Upon removal of the Kapton film, a brownish square of 

carbon residue from the ablation was observed on the glass slide. 0.5 µL of glyceryl 

 

Figure 7.2 A. Kapton film with square ablation area. B. SEM micrograph revealing the 

topological result of rastering the laser at 20 µm step sizes. C. Glass slide with post-

ablation carbon residue upon removal of the polyimide film for use as an alternative 

matrix. Scale bars shown at 200 µm. 

triheptadecanoate, a common TAG standard, was spotted on top of the carbon spot, 

allowed to dry, and inserted into the MALDI chamber for determination as a possible 

MALDI matrix. For a controlled comparison, the standard was ablated without the use of 

matrix (LDI) and with a commonly used organic matrix, DHB. The initial results show 

significant reduction of matrix signals when compared to DHB, and less energy required 

to obtain the signal than both LDI and DHB as a matrix, see Figure 7.3.  Optimization of 

laser energy parameters, compatible analyte determination, and Kapton film thickness 

used to create the carbon reside are all needed. Extensive characterization (i.e. Raman 

spectroscopy, SEM imaging, EDX, IR spectroscopy) of the residue should be performed 
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to determine the precise matrix composition. Ideally, a larger ablated area post-

optimization will be created and tested for utilization in MALDI tissue imaging, where 

reduction of matrix signals is highly desired.   

 The need for single cell and organelle analytical techniques has never been clearer 

or more expressed as the age of lipidomics continues to make its presence known. In 

order to accurately monitor disease states, advancement of progressions, understand 

clear metabolic mechanisms, and establish legitimate biomarkers for lipidomics and other 

omics approaches, it is imperative to study the chemical content of individual organelles 

and cells. While typical multiple cell technologies still provide significant and detailed 

information in characterizing several categories of biological materials in both

 

Figure 7.3 A. Mass spectrum obtained using LDI of TAG standard, glyceryl 

triheptadecanoate, requiring high laser energy for detection. B. Mass spectrum obtained 

using DHB as a matrix. C. Mass spectrum obtained using the carbon residue obtained 

from ablation of Kapton film, showing improvements in laser energy required for detection 

and reduction of background noise.  

targeted and untargeted methods, consumption of cell sample and loss of chemical 

spatial information from non-discriminate methodologies remain as problems. 

Furthermore, and more importantly, the analytical data obtained from large-scale 

digestions and extractions will inherently exist as an ensemble representative of a cellular 
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population, making definitive claims of cellular mechanisms and biomarker discovery 

equivocal at best. Nanomanipulation coupled with mass spectrometry provides novel 

solutions for sensitively obtaining and identifying single cell and organelle biochemical 

constituents, providing the capability and insistence for answering much needed answers 

to several biological questions.  
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