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Abstract 
 
Many important areas of research regarding human health, such as immunology and 
cancer biology, deal with highly heterogeneous populations of cells where the 
contributions of individual players cannot be ignored. Single-cell technologies aim to 
resolve this heterogeneity by analyzing many individual cells in a high-throughput 
manner. Here we developed two examples of such tools that rely on microfabricated 
arrays of microwells. The first platform merges fluorescence cytometry with label-free 
profiling of the small molecule composition of tens of thousands of cells based on matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry. We evaluated several 
materials and approaches to chip fabrication suitable for interfacing with a MALDI 
instrument. We also developed an analytical pipeline for efficient processing of cells on 
the chip and demonstrated its application to the analysis of brain tumor samples. The 
second platform provides a new format of microwell arrays for fluorescence cytometry 
that improves their compatibility with a range of automated equipment and enables more 
efficient processing of a greater number of samples, while preserving viability and 
identity of cells for subsequent analyses. We demonstrated its utility for on-chip 
enrichment and recovery of circulating tumor cells (CTCs) and high-content 
immunophenotyping of small clinical samples. 
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1. Introduction 

1.1  Overview of technologies for single-cell analysis 

 The last several decades have seen a tremendous progress in our understanding of 

biological processes. An ever-growing number of assays, made available through highly-

automated tools such as quantitative PCR instruments and high-throughput DNA sequencers, 

have allowed us to uncover molecular mechanisms of these processes in exquisite detail [1]. 

 Despite these advances, research in many important fields, such as immunology and 

cancer biology, has made it increasingly clear that bulk measurements (i.e. on the level of cell 

populations and tissue homogenates) can mask characteristics of individual cells or subsets of 

cells that contribute significantly to biological processes, but may not be identical to the 

“population average” measured by these techniques. Such heterogeneity appears not only in 

genetically diverse populations (as in the case of many tumors, or T and B lymphocytes), but also 

at the clonal level, based on differences in epigenetic states of the cells and stochasticity in 

cellular signaling [1], [2]. In addition, interactions between individual players may not be 

resolved if only an “average” behavior is studied. As a result, traditional methods may draw a 

misleading picture of dynamic responses of cells to the given perturbations, necessitating 

development of technologies for single-cell analysis. 

 Important classes of measurements include characterization of genotype, proliferation, 

cell surface markers, secreted molecules and interactions between individual cells [2]. Tracing 

these parameters for every cell may reveal not only new biology (such as specific pathways and 

interactions in the immune system), but also inform diagnosis and treatment (for example, based 

on known mutations in cancer). Although taking in vivo measurements would in many cases be 

preferable to preserve the natural state of cells and their microenvironments, it is often impossible 

or impractical. In vitro measurements are less restrictive, but may also pose limitations on the 

number and types of assays that may be applied. First, they should offer a means to isolate 
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individual cells for subsequent interrogation. They should also be sensitive enough to reliably 

detect signals associated with each cell. The number of simultaneously detected signals 

(multiplexity) may become another limitation. Some measurements (such as genetic profiling) 

may be done as an end-point assay, while others (such as functional or phenotypic characteristics) 

may be repetitive due to their non-destructive nature. Another important aspect is the throughput 

of any assay, which poses a practical limit on how many measurements and on how many cells 

can be feasibly done in a given time; methods that process cells in parallel may be much more 

efficient than serial ones. No less important is the number of cells required for a particular 

method, which implies the kinds of samples that could be processed with it: while cell lines and 

animal models are an abundant source of material used in research, clinical samples often barely 

meet this criterion [2]. In this regard, any method that preserves viability and identity of cells for 

subsequent analyses (i.e. being modular) may provide additional flexibility. Finally, fine control 

over individual cells and their measurements should be carefully balanced with the overall 

simplicity of the approach, as doing so may drastically affect the costs and labor spent on any 

analysis. 

Optical tools have become a de-facto standard for the majority of measurements in 

biological research, both at the bulk and the single-cell levels. Indeed, high sensitivity and 

resolution (down to the single-molecule level) enabled by advanced light sources and detectors – 

lasers, photomultiplier tubes (PMTs), electron multiplying charge-coupled devices (EMCCDs) 

etc. (which in turn, resulted from advances in physical sciences and microfabrication) – coupled 

with the generally non-destructive nature of optical measurements (allowing repeated, time-

course and modular experiments) and an ever-growing availability of fluorescent probes, 

provided a unique framework for studying biological processes not easily achieved with any other 

physical observations. However, optical measurements still suffer from reduced multiplexity due 

to the overlapping spectra of the dyes, the requirement for labels specific to target molecules, and 

oftentimes a necessity to amplify the analytes (such as nucleic acids). As such, a number of 
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orthogonal methods that complement or substitute fluorescence measurements by relying on 

alternative physics, have been developed [1]: Raman spectroscopy, mass spectrometry, methods 

using electric and magnetic fields (capillary electrophoresis (CE), dielectrophoresis (DEP), iso-

dielectric separation (IDS)), as well as mechanical forces (acoustic or inertial focusing). All these 

techniques greatly expand the arsenal of tools available for single-cell analysis, allowing 

researchers to choose the best set of tools for each case. 

While the majority of tools for bulk and even single-cell analysis has traditionally been 

developed at the “macro” scale, the advancement of technologies for fabrication of 

microstructures in recent years has enabled production of miniaturized systems, or “lab on a chip” 

(LoC) devices. These tools utilize the concept of confinement of cells or their lysates and 

associated reagents to a small volume, often on the order of nanoliters or less. They not only 

serve to isolate cells from each other, but also increase local concentrations of analytes to achieve 

higher sensitivity, reduce cost of consumables and time spent on each analysis (often by 

processing many cells or reactions in parallel or in fast iterations), as well as automate analytical 

pipelines and reduce potential for human error [1]. Prominent examples include passive [3] and 

actively actuated [4] microfluidic traps, droplet encapsulation [5] and microwell arrays [6]. 

Passive devices trap one or a few cells in weir structures and trace their growth or responses to 

stimuli with fluorescence microscopy [3]; although efficient trapping is possible [7], it provides 

inhomogeneous shared environment dependent on the position of a cell in the stream [2]. 

Actively actuated traps may offer better control over microenvironment and cross-contamination, 

but require the use of a complicated set of microfluidic valves and pumps that is limited by the 

number of connections and as such is not scalable to large numbers of cells (>103–104) [2], [4]. 

Droplet-based devices encapsulate cells in small volumes of water-in-oil emulsions [5] and 

provide room for combinatorial screening [8], [9] and sorting [9], [10]; although highly-

controlled and efficient loading is possible [5], [11], and cell viability may be preserved over 

extended time [8], controlling individual droplets still requires significant manipulations [2]. In 
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all cases above, a high degree of control, efficiency and throughput, guided by computational 

optimization based on hydrodynamics simulations [7], is achievable; however, it comes at a cost 

of an overall complexity of the analysis and limited potential for retrieval of individual cells of 

interest. In contrast, arrays of microwells utilizing stochastic loading of cells from suspension 

have offered a straightforward way of tracing characteristics of large numbers of single cells [6], 

[12], [13]; just like arrays of passive traps, they simplify automated microscopy but also allow 

cell recovery and expansion into the possible number and types of assays [13], generally making 

them more modular than micro total analysis systems (µTAS) described above [2]. 

The most common choice of material for LoC devices has been poly(dimethylsiloxane) 

(PDMS). Its wide adoption in academic labs is based on a unique combination of properties [14]: 

ease of replication based on soft lithography, high optical transparency and low autofluorescence 

compared to common plastics, versatility in surface modifications and elasticity allowing it to 

conformally seal against hard surfaces and be actuated, permeability to gases, relative inertness 

and biocompatibility, along with a few others. Even with all these advantages, however, PDMS is 

not an ideal material for some applications [15]: its high permeability to small non-polar 

molecules and water vapor may severely affect measurements involving hydrophobic moieties 

and affect viability of cells sensitive to changes of osmolality in the media; its high elasticity 

precludes fabrication of microstructures with aspect ratios higher than 2:1 (e.g. tall posts) or 

lower than 0.2 (shallow channels or wells), and affects reliable registration for large-scale devices 

[16]. Finally, and perhaps most importantly, PDMS is not readily amenable to large-scale 

replication: while manual handling in an academic lab is straightforward, it takes a substantial 

time to cure the polymer (1–2h), and the overall process may leave residues on the mold. 

Industrial processes (such as injection molding), to the contrary, benefit from materials that can 

easily be processed and ejected in a matter of seconds, making large-scale production cost 

effective. There are alternatives to PDMS that may share some of its excellent properties but offer 

an improvement over others; one example is biocompatible thermoplastic cyclic olefin polymer 



 
 

13 

(COP) [17], as discussed in Chapter 2. 

During initial development, any single-cell technology, along with associated materials 

and methods of fabrication, may be suboptimal or cater only to the needs of an academic lab. 

However, as we consider a wider adoption of these technologies and a greater impact in both 

scientific and clinical circles, we need to carefully evaluate and design each set of consumables 

and processes at each stage of their development. Steady improvements in these directions may 

make a substantial difference in how a technology is used, and bring about new revolutions in 

methodologies similar to the one that started with next-generation DNA sequencing. 
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1.2  Scope of thesis 

In this thesis, we demonstrate two examples of single-cell technologies that exhibit some 

of the features described above. Particular focus is given to the design and development of tools 

that address certain aspects of single-cell analyses. We also demonstrate application of these 

technologies to several biological questions, although we don’t aim to obtain substantial insights. 

Chapter 2 covers the development of a new mass spectrometry-based technique to 

analyze tens of thousands of cells in a high-throughput fashion on a single chip. This method 

merges fluorescence cytometry with orthogonal label-free profiling of the lipid or metabolic 

content of each cell. We evaluate several choices of materials and approaches to chip fabrication 

suitable for interfacing with the mass spectrometric instrument. We also develop an analytical 

pipeline to efficiently process cells on the final device and demonstrate its application to the 

analysis of brain tumor samples. 

Chapter 3 introduces an improvement over an existing platform for single-cell cytometry 

developed by our group. We design a new format of our arrays that improves their compatibility 

with a range of automated equipment and enables more efficient processing of a greater number 

of samples, while preserving viability and identity of each cell. We demonstrate its utility for 

enrichment, identification and recovery of rare circulating tumor cells (CTCs) and high-content 

immunophenotyping of small clinical samples. 

Chapter 4 presents the conclusions of the thesis and lays out the ground for future work. 
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2. Small-molecule profiling of cells by MALDI MSI 

2.1  Introduction 

The World Health Organization (WHO) classifies over 125 types of brain tumors based 

on histopathological evaluation [18], assigning type, subtype and grade (I-IV) to each one of 

them. Gliomas, tumors of the tissue that support and protect neurons, account for 30% of them, 

with astrocytoma and oligodendroglioma being the most malignant forms, 70% grade III or 

higher. Glioblastoma (GBM) is astrocytoma grade IV, with a median survival of 12 to 15 months. 

Meningiomas account for another 34.7% of all brain tumors [19]. GBM is infamous for being one 

of the most heterogeneous tumors in existence, as defined by numerous phenotypic and genetic 

factors [20], [21]. Tumor sustainability and drug resistance are direct results of this heterogeneity, 

wherein tumor survives due to hyper-adaptive subpopulations. Identification of these tumors 

based on histopathology and magnetic resonance imaging (MRI) can be challenging, and 

decisions on surgical resection are in many cases too aggressive if the boundary between the 

tumor and the normal tissue is unclear [22]. This results in postoperative morbidity, i.e. undesired 

neurological deficits. 

To help with identification and characterization of tumor heterogeneity, new modalities 

for tumor imaging are in dire need. More complete knowledge about the tumors could inform 

clinical decisions, and further enhance our understanding of tumor biology. Whereas 

conventional tools for resolving heterogeneity revolve around fluorescence microscopy at the 

proteomic and genomic levels, mass spectrometric techniques for identification and quantification 

of complex (≳100Da) molecules have also become available in the last two decades. Desorption 

electrospray ionization (DESI) mass spectrometry has recently been shown to accurately identify 

tumor type, grade and cellularity based on lipid imaging of tissue sections from stereotactic 

biopsies with a high degree of accuracy in near real time (i.e., during an operation) [19], [23]. 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) has been 
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used for a proteomic-based prognosis in a similar context [24]. These advances demonstrate a 

clear clinical impact associated with such technologies. 

While conventional methods rely on expensive probes (such as antibodies and DNA tags) 

that are specific to the molecules of interest, mass-spectrometric techniques mentioned above 

allow for direct imaging of small and large molecules without the need for any labeling. In case 

of small molecules (such as lipids and metabolites), highly specific probes may not even exist. 

Additionally, this allows us to work in “discovery mode”, where mass spectrum signals can be 

analyzed with little or no a priori knowledge of what particular molecules to look for, which 

would not be possible with methods that rely on labeling of target analytes. Little or no sample 

preparation also reduces the time and effort required for MSI compared to probe-based analyses. 

At the same time, the number of parameters that could conceivably be simultaneously 

accessed through MSI-based tests is measured in the hundreds, which is vastly greater than for 

fluorescent or isotopic probes. While some inconvenience and ambiguity in interpretation of the 

spectra may exist due to inaccuracy of the instruments and complex fragmentation patterns of the 

molecules, steady improvements in these directions will allow for even better specificity and 

increased dimensionality in the future. 

As mentioned above, imaging mass spectrometry has mainly concerned itself with the 

analysis of tissue sections, but not at the single-cell level. There are multiple factors that account 

for this.  First, the maximum spatial resolution of current instruments is limited by the diameter of 

the scanning probes, which is ca. 125 um in case of DESI and ca. 20 um for MALDI. While this 

limit could be somewhat improved through the use of “oversampling” [25], i.e. spatially 

overlapping consecutive desorption events, it still hardly approaches the size of individual cells 

and is not reliable enough to resolve neighboring cells. We can reasonably hope that future 

improvements in instrumentation will allow us to bridge this gap. However, methods relying on 

spatial isolation of individual cells are currently required. MALDI also seems to be a clear winner 

in terms of resolution, compared to other desorption techniques. 
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Second, the sensitivity of the instruments is limited by the amount of material needed to 

build a peak, i.e. the number of molecules counted by the detector. While the limits of detection 

achievable by MALDI have been reported to be in the attomole (and potentially down to low 

zeptomole) range [26], this still amounts to a detection threshold of ~105 molecules and is not 

readily available for most substances and instruments. Realistically, only femtomole amounts of 

material are detected in a typical setup, limiting us to the detection of the most abundant 

molecules in native samples or upconcentrated analytes extracted from a tissue after 

chromatography. 

The instruments for MSI have certainly progressed over the years, providing incremental 

improvements over mass sensitivities, as well as better spatial and mass resolutions. However, 

because of the cost, time and technical expertise required to upgrade the instrumentation, it has 

not been always under direct researcher's control to improve hardware characteristics. To the 

contrary, sample processing protocols could easily be changed from their standardized 

counterparts. An overarching topic in the literature on increasing sensitivity based on sample 

preparation is minimization of spreading of analyzed molecules, which up-concentrates them in 

more confined areas. Various methods to prevent lateral diffusion have been proposed. 

As suggested by its name, MALDI uses a special coating (“matrix”) that incorporates 

analyzed molecules, and absorbs the energy of laser irradiation to vaporize together with these 

molecules, ionizing them in the process (Figure 1). One approach to sample preparation involves 

fixation of the tissues or cells with a chemical treatment either before or during the matrix 

deposition [27], [28]. Different fixatives allow for extraction of lipids and salt adducts from the 

sample, while exposing internal cellular structures for co-crystallization with the matrix, as well 

as dehydrating the sample to minimize diffusion. Alternatively, some solvents are compatible 

with lipids and can in fact enhance their signal by cross-linking peptides and proteins [28], [29]. 
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Figure 1. Ionization process in a MALDI time-of-flight (TOF) instrument. The matrix-analyte crystal is 

bombarded with a UV laser beam that excites the matrix, which, in turn, transfers the energy to the 

analytes. This results in the ionization and desorption of the analytes, mainly as singly charged species. The 

remaining charge dissipates via a conductive substrate. Adapted from [30] 

Another important aspect is the method of deposition of the matrix. The main focus is to 

prepare homogeneous matrix crystals that optimally incorporate analytes of interest, while also 

minimizing their lateral spread. Various deposition techniques have been developed to address 

these points (Figure 2). Among these are nebulized spray coating through a nozzle [31], 

commercially realized in the Bruker ImagePrep instruments; electrospray [32] and automated 

piezoelectric inkjet-type deposition [33], [34]; matrix microinjection [35]; sublimation with 

recrystallization [36], [37]; or combinations of these [38]. A comparison of them can be found in 

[35] and [39]. Important aspects of all these techniques are their cost-effectiveness; time and 

reagent consumption; quality, size and homogeneity of the crystals and analyte incorporation; and 

potentially some other factors. In the context of high-throughput processing and spatial 

resolution, matrix sublimation with recrystallization appears to be the most effective thus far. 
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Figure 2. Spatial resolution of matrix deposition methods. Reprinted from [39] 

 

Figure 3. Schematic of the massively parallel sample preparation using the stretched sample method. (A, 

B) Pressure and heat are used to form a layer of glass beads on a Parafilm M membrane surface. (C) A thin 

tissue slice is placed onto the glass bead layer. (D) The Parafilm M membrane is manually stretched. As a 

result, the tissue slice is fragmented into thousands of spatially isolated pieces. (E) After MALDI matrix 

application, individual pieces of tissue may then be investigated with MALDI MS. Reprinted from [40]. 

Finally, spatial separation of analyzed spots could ultimately prevent sample cross-

contamination and lateral spread. A number of techniques have been used in this regard, starting 

with robotic spotting or ink-jet printing as noted above. However, many of such approaches are 

serial in nature, not allowing for the highest throughput that could be achieved with parallel 

methods. More recently, a stretched tissue approach has been proposed to address this problem 

(Figure 3) and demonstrated the feasibility of tissue analysis at a single-cell scale: an array of 

glass beads is embedded in parafilm, and a tissue slice is mounted onto the beads and then 

uniformly stretched to produce single-cell sized pieces separated by hydrophobic regions, which 

prevent further analyte migration. This approach has the same effect as dried-droplet preparation 
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of samples on the commercial AnchorChipTM [41]. 

The idea of compartmentalization drove the bulk of research on increasing sensitivity 

based on sample preparation. Indeed, one of the first methods to detect attomole amounts of 

analytes proposed the use of picoliter pyramidal vials etched in Si [42]. In these vials, solvent 

evaporates in a few seconds and leads to homogeneous micron-scale crystals at the edges of the 

pyramids. Interestingly, the authors also concluded that "the potential of transferring single cells 

to the picolitre vials, followed by the addition of the matrix solution, gives the possibilities of 

following cell-specific processing of proteins, post-translational modifications and peptide 

sorting and targeting to different intracellular sites". To the best of our knowledge, however, 

they never followed up on this promise, which we attribute to the lack of the tools for high-

throughput imaging and automation available at the time, as well as an overall sensitivity of the 

instruments. 

As described in Chapter 1, the use of microwells to compartmentalize cells is not novel. 

Recent advancements in soft lithography allowed for a wide-spread use of poly(dimethylsiloxane) 

(PDMS) stamps to trap and image single cells in the microwells of a suitable size [6]. In the 

context of our laboratory, these devices have been successfully used to study protein secretion 

from heterogeneous cell populations, whereby the wells are sealed against a glass slide to provide 

a local microenvironment for each cell, up-concentrate secreted factors and capture them on the 

surface of the slide [13], [43] (Figure 4). Microwell arrays are amenable to automated imaging 

and image processing, simplifying spatial localization of the isolated cells. Yet, to the best of our 

knowledge there are currently no high-throughput platforms based on microwells that would 

directly couple fluorescence-based assays to MALDI MSI to combine the advantages of both. 

Here we present the first example of such a system. 



 
 

21 

 

Figure 4. Schematic diagram of the processes involved in microengraving. (1) A suspension of cells is 

deposited onto an array of microwells fabricated by soft lithography. (2) The cells are allowed to settle into 

the wells and then the excess medium is removed by aspiration. (3) The dewetted array is placed in contact 

with a pretreated solid support, compressed lightly and incubated for 2–4 h. (4) The microwells are 

removed from the solid support and placed in a reservoir of medium. (5) In parallel, the secreted factors 

captured on the solid support can be quantified in a microarray scanner. (6) Printing for secreted factors can 

be done repeatedly to different slides. (7) The cells of interest can be retrieved by micromanipulation and 

transferred to a 96-well plate for downstream analysis. Adapted from [13], [43]. 

2.2  Results 

 Microwell devices currently used in our laboratory cannot be directly imaged in a 

MALDI time-of-flight (TOF) instrument. The latter requires conductive substrates such as indium 

tin oxide (ITO) coated glass slides, or metal plates. TOF mass analyzers measure the time 

travelled by ions over a spatially fixed electric potential difference and thus depend on the initial 

velocities/kinetic energies of the ions [44]. If the substrate is non-conductive, electrons resulting 
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from ionization do not dissipate, accumulating charge locally and distorting the accelerating 

potential, resulting in reduced mass resolution and accuracy [45], [46]. Although this effect can 

be reduced in ion-trap mass analyzers such as FTICR because they measure cyclotron frequency 

ω = qB/m that only depends on ion charge/mass ratio and the magnetic field, we expect that 

charging effects may still negatively impact overall quality of the signal and complicate 

calibration [46], [47]. 

Here we developed two approaches to address this problem. In the first approach, we can 

still use PDMS devices without or with only a minor modification of the established protocols. 

We would then seal the array with an ITO-coated slide, and transfer the cells from the microwells 

to the slide. This approach could allow us to conduct cytometry and serially print for secreted 

proteins, and only perform the destructive step of MALDI on cells of interest in the end. 

In the second approach, we make microwell devices conductive by themselves. This 

allows us to perform all the steps on the same chip, precluding potential loss of cells and their 

patterns in the process of transfer. We will also explore several materials suitable for making 

devices conductive. 

2.2.1  Cell transfer 

We first sought to transfer cells from existing PDMS-based microwell arrays to an ITO 

slide. High-quality flat glass substrates commercially coated with ITO are ideally suited for 

microscopic imaging due to over 90% transmission of ITO in the visible range [48] and its high 

conductivity on the order of 104 S/cm [49]. However, we need to ensure that the cells are 

transferred efficiently, and that we could relate their locations on the slide to their prior locations 

in a microwell array. 

For the process of transfer, we needed a high shear force that would act on cells to drive 

them out of the wells onto the slide. In the regular process of microengraving, a PDMS stamp and 

a glass slide are conformally sealed together using a metal clamp with a tightening screw (Figure 
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5). Several other sealing configurations were tested when the microengraving process was 

developed, but the metal clamp gave the best results when “printing” for secreted factors. As 

such, it was natural to repeat this process for cell transfer as well. 

 

Figure 5. Agilent Microarray Hybridization Chamber 

To confirm cell transfer, we would then unseal the stamp and the slide and observe them 

separately under a microscope. The unsealing process introduces additional shear forces that 

could destroy the pattern if we are not careful enough. To address this, we placed the 

“sandwiched” stamp and slide in phosphate-buffered saline (PBS) and either let the slide float 

away, or gently pry opened the assembly with tweezers. 

To apply the forces for cell transfer, we first tried to rotate the clamp such that an ITO 

slide sits at the bottom, and tap it against a hard surface. Unfortunately, the forces provided in this 

way were insufficient, as most cells stayed in the wells, and the slide remained essentially clean. 

We then applied a more universal way to pull down the cells, used in most wet 

laboratories, – centrifuging. We placed the metal clamps in prototyped Styrofoam holders, and 

rotated them at a high r.p.m. This process finally gave us positive results, although the rate of 

transfer was still not sufficient. 

To facilitate the transfer further, we sought to prevent cells from holding onto the stamp. 

This could be accomplished with a “slippery” coating applied to PDMS before we loaded cells on 

it. In a regular microengraving process, we coat the stamps with bovine serum albumin (BSA) to 

prevent their surface from adsorbing secreted proteins. Although this process works well for the 
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proteins, it was insufficient to prevent cell attachment in our tests. A more robust biocompatible 

coating that is ubiquitously used to passive surfaces is polyethylene glycol (PEG). To attach the 

nonpolar PEG molecules to the surface of the stamp, we used PEG-g-PLL, a graft copolymer of 

PEG with poly-L-lysine. PLL is positively charged at physiological pH, and will adsorb to any 

negatively charged surface. PDMS is normally nonpolar, but can be temporarily oxidized with a 

plasma discharge [50]. 

Although coating of PDMS with PEG provided a more reliable cell transfer and we could 

distinctly observe rectangular arrays of cells (Figure 6A), we still needed a means to trace the 

location of each cell after its transfer from the stamp to the slide. In the microengraving process, 

we face a similar problem of identifying the locations of secreted proteins in the array; we 

normally solve this by spiking the printing media with a “background” molecule, which would be 

present in every well and as such would provide an “imprint” of an entire array on the slide. 

While this approach could certainly work to identify cell locations after cell transfer, MALDI 

imaging is notoriously sensitive to any background signal that could dominate the spectra and 

make the analysis infeasible. One solution to this problem would be to “invert” the background, 

whereby the molecule to be used as background would be present everywhere but the locations of 

the wells (and cells). In fact, PDMS has been extensively used in micro-contact printing (µCP), 

which is a soft-lithographic technique to “print” molecules from the raised features of the stamp 

to the substrate. While µCP has initially been developed to produce self-assembled monolayers of 

alkanethiols on gold-coated slides, it has since been shown to work for many other combinations 

of “inks” and substrates [51]. We decided to print fluorescently labeled BSA onto PLL-coated 

ITO slides (that is, to use essentially the same materials as in the normal microengraving 

process). While µCP in this case proved successful over small areas (Figure 6B), large-scale 

repeatability of the printing was inconsistent (with huge “pockets” of surface not transferred at 

all), which we attribute to inhomogeneity of the stamp and applied pressure across large areas, as 

well as presence of liquid in some areas between the stamp and the slide. Overall, µCP could still 
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be used for partial registration of the slide when absolutely needed. 

 

 

Figure 6. (A) Cells transferred from a PEG-g-PLL-coated PDMS stamp with 30 um well size to a PLL-

coated glass slide in a metal clamp centrifuged at 1000 rpm (~200g) for 5 min. (B) Rhodamine-conjugated 

5mg/mL BSA contact printed from PDMS with 50 um wells to a PLL-coated ITO slide. PLL is a 0.01% 

w/v stock. Both images were taken on Zeiss AxioObserver Z1 at 10x with 800 um field of view 

corresponding to one block of wells. 4 adjacent images are stitched and their contrast enhanced in B.   

As noted above, BSA proved to be less effective at preventing adhesion of cells to the 

stamp, while providing only subpar registration pattern. A better alternative, PEG could not be 

printed to the slide; but even with PEG the cell transfer rate was not as high as desired 

(tentatively, <50%). These problems led us to look for a more direct approach to sample cells 

with MALDI. 

2.2.2  Plastic devices 

The microwell devices could be directly used in a MALDI instrument if we modified 

them in certain ways. Since PDMS is a dielectric, we sought to create a conductive film on top of 

the wells to match that of the commercial ITO-coated slides (sheet resistance 100 Ohm/sq or 

higher). PDMS had to also be substituted for a hard plastic that would provide enough rigidity as 

a substrate for film growth and mechanical handling (thin films created on a soft layer would 
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easily crack). 

In recent years, cyclic olefin polymers (COPs) have gained popularity as a substitute for 

PDMS in lab on-a-chip applications [17]. Unlike the latter, COPs are thermoplastics, suitable for 

high-volume production using injection molding. They also provide superior optical properties, 

with the highest level of transmission (~92%) from near-UV to near-IR range among other 

common plastics (PS, PMMA etc.), and a low level of auto-fluorescence. COPs, similarly to 

polypropylene (PP), are also chemically inert and biocompatible. We prototyped COP chips using 

soft embossing, a technique of replication of microscopic features whereby an elastomeric stamp 

is used as an intermediary mold for replication [52] (Figure 7A); the initial master remained the 

same as for our regular PDMS stamps. 

To facilitate imaging cytometry, we decided to keep the devices transparent. A thin layer 

of ITO (~120 nm) or gold (~20 nm, with Ti for adhesion) could be a suitable material for a 

transparent conductive film. Common processes for thin film deposition that are compatible with 

low-temperature processing of the thermoplastics include sputtering and e-beam evaporation. 

Sputtering provides improved sidewall coverage, as required to form a continuous film on top of 

the chips as an electrode for MALDI; sputtering also preserves stoichiometry of compound 

materials, such as ITO (nominally 90% In2O3, 10% SnO2 wt.). 

After fluorescence cytometry, we coated the chip with a suitable matrix using Bruker 

ImagePrep system for matrix nebulization, which is normally used for MALDI imaging of tissue 

section samples (a sublimation apparatus was not available at the time). We then attempted to 

image rectangular areas of the chip in a MALDI instrument to get a sense of the spectra. 

However, we were unable to acquire a high-quality signal. The molecular image of the wells 

appeared dark (no signal) (Figure 7B), and the secondary electron images of the wells in a 

scanning electron microscope (SEM) demonstrated a charging effect at the walls of the wells 

(Figure 7C). These results suggested that the sputtering procedure might not have formed a 

continuous conductive layer at the sidewalls, leading to excessive charge buildup inside the wells 
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during these observations (however, we have not confirmed this with a cross-sectional SEM, 

since we decided to abandon the entire approach, as described below). This charge would alter 

initial velocities of the ions in a time-of-flight MALDI instrument and prevent us from getting a 

suitable signal. Another possible reason for the absence of MALDI signal is the occlusion of the 

laser beam by the vertical profile of the walls, as the laser is directed at the surface of the chip at 

an oblique angle.  

MALDI signal was also dominated by peaks reminiscent of the underlying polymer 

(Figure 7E), suggesting that the laser beam could have ablated the polymer through the film. 

Indeed, typical laser fluence in MALDI instruments is 10–100 mJ/cm2 or higher [53], nearing 

threshold fluence for the ablation of most polymers [54]. The film should be relatively transparent 

to the wavelengths of the laser (337nm and 355nm): according to the tabulated values of the 

absorption coefficient, α ~ 104 cm-1 for ITO [48] or α ~ 6x105 cm-1 for gold [55], which for the 

thicknesses d ~ 120nm (ITO) or d ~ 20nm (gold) translate to an exponential decay of 0.9 (ITO) or 

0.3 (gold). Excessive charging of the ablated areas in SEM also suggested that the conductive 

layer might have been fully or partially removed (Figure 7D).  

Finally, the polymer contaminated the vacuum in the MALDI instrument, which we 

attributed to its ablation mentioned above, as well as possible outgassing of the chip in the 

vacuum. Subsequently, the instrument ceased to detect any signal (even for unrelated 

experiments), and had to be cleaned extensively before it could be used again. 

Although we could design a quarter-wavelength stack of films to be reflective to the 

laser, or simply increase the thickness of the film (>100nm of gold, which demonstrated similar 

results), this would complicate the fabrication procedure without necessarily improving the 

performance of the chip, while also making it optically opaque for imaging cytometry. As such, 

we decided to abandon this approach and use a more robust material for our devices. 
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Figure 7. MALDI imaging of a plastic chip coated with gold. (A) Transmitted light image of a block of 

wells soft-embossed in COP. (B) Molecular ion image of a block. (C) Secondary electron (SE) image of the 

wells in SEM. (D) SE image of the ablated blocks in SEM.  (E) MALDI spectrum from top of the wells. 
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2.2.3  Si chips 

While thermoplastics would be desirable materials for the mass-production of our 

devices, their stability was not sufficient for MALDI experiments, as described above. The 

primary material used in the fabrication of microstructures, however, is silicon. It is directly 

compatible with well-established and reproducible microfabrication procedures used in 

cleanrooms, providing the means for a high-volume production. It has high thermal and vacuum 

stability, preventing any contamination due to melting or outgassing in a MALDI instrument. Si 

wafers provide an extremely flat surface, and the rigidity of silicon ensures strictly rectangular 

arrangement of the wells, without long-distance warping and pattern distortions characteristic to 

polymers. Finally, the crystal structure of Si allows for anisotropic etching of microfeatures with 

slanted walls [56], which could address the problem of occlusion of the laser beam mentioned 

above. Additionally, silicon could act as a conductive material on its own, precluding the need for 

any conductive coatings. 

The basic workflow for successful on-chip cytometry using Si chips is outlined in Figure 

8. The process starts with the design of a suitable mask that is then used to photolithographically 

define arrays of the wells and registration marks on Si wafers during the fabrication procedure. 

After the devices are fabricated, we prepare and load cells on a chip. We then image the array in 

an automated fluorescence microscope. Acquired images need to be processed to identify the 

locations of wells with the cells. To prepare the chip for MALDI MSI, we deposit the matrix 

using a custom sublimation protocol. The MALDI imaging software requires a global “map” of 

an entire chip for navigation; the global positions of the wells of interest need to be defined with 

respect to the corner points on this map. After this registration is done, we proceed with an 

automated acquisition of MALDI spectra across the array. Finally, we analyze the spectra to 

define peaks of interest and relate them back to the fluorescent signal. 
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Figure 8. Workflow for on-chip cytometry with Si chips. 

To design masks, we created custom software that generates CAD files from user-defined 

parameters and is tailored to the arrangement of features in our arrays. We arranged features into 

blocks, with each block corresponding to one field of view of the camera on the microscope 

(Figure 9). To be able to later create a “map” of the chip by stitching the images together, we 

engineered an overlapping space spanned by the camera between neighboring blocks. We also 

introduced numbers labeling the positions of blocks on the chip to facilitate visual navigation in 

the MALDI instrument, as well as to help with the stitching. Since the undercut resulting from 

anisotropic etching of <100> Si is minimal only when the features’ edges are either parallel or 

orthogonal to the wafer flat, the digits had to be broken up into little squares instead of remaining 

solid pieces. Due to the minimal undercut, the features corresponding to the wells could be placed 
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as close as 10um to each other if we wanted to analyze more cells and reduce the “dead” area of 

the chip. We also engineered a border surrounding the chip, such that when placed in the 

instrument, the wells would be raised, with their bottom corresponding to the reference plane 

expected by the instrument, as there was some concern that being out of plane would affect the 

measurements. For identification of the chips and their orientation, we placed a side caption 

detailing the geometric parameters of the chip, to be viewed with a naked eye. Finally, we added 

calibration areas and registration marks at the edges of the chip, although we have not used them 

in the final protocol. Since we had multiple chips per wafer area, we also drew the guides to cut 

out individual chips with a die saw. 

For the fabrication of chips, we adopted a standard process used by the MEMS industry 

to produce cantilevers using anisotropic etching of Si (Figure 10). Briefly, we used low-pressure 

chemical vapor deposition (LPCVD) to deposit low-stress silicon nitride that would act as a 

masking layer during anisotropic etching. We then used photolithography to translate the features 

from our mask to this substrate. The photoresist pattern served as a temporary mask when we 

plasma-etched the silicon nitride to reveal the underlying Si. We then stripped photoresist with 

piranha solution and etched the silicon with a heated solution of potassium hydroxide (KOH) for 

a predetermined amount of time. Finally, we stripped the remaining nitride in hot phosphoric 

acid. Additionally, we used e-beam evaporation to deposit a thin layer of gold that served as an 

electrode on top of Si, as bare Si normally doesn’t provide a good Ohmic contact because of the 

build-up of the depletion layer and native oxide (see Discussion on how to overcome this issue). 

Figure 11 illustrates the final look of the wells in a scanning electron microscope (SEM) and an 

overview of an entire chip in visible light. 

The protocol for processing of cells was developed using cultured cell lines. Before 

loading cells into the wells, we placed the chip in a plasma cleaner to promote removal of organic 

residues and make the surface more hydrophilic. The cells were stained and re-suspended in PBS 

to reduce the amount of background signal coming from the culture media or blood; cell 



 
 

32 

concentration was adjusted such that the total number of loaded cells would match several times 

the number of wells on the chip, to ensure efficient distribution of cells across the wells. We 

spread the solution of cells across the chip and, after a short incubation, washed out the excess by 

gently dispensing PBS from the short edges of the tilted chip; loaded cells remained trapped in 

the wells. Unfortunately, we could not observe the process of loading in transmitted light (as done 

regularly for the PDMS stamps), because Si is not transparent. Since we used an inverted setup 

for fluorescence microscopy, we also had to fix the cells to prevent them from falling when 

imaging face down; fixing might also help with extraction of small molecule analytes for MALDI 

imaging, as mentioned in the Introduction. 

Fluorescence imaging was performed in an automated fashion using a pre-determined list 

of positions corresponding to locations of the blocks on the chip. We defined support points by 

focusing at the bottom of the wells for several locations in the array, and relied on spline 

interpolation of these points for all the positions in the list. To define the locations of the wells for 

subsequent image analysis, we had to modify our microscope setup to obtain bright-field (non-

fluorescent) images of the blocks; we used a wide-band dichroic mirror to pass the excitation 

light (reflected from the sample) to the camera, and adjusted its intensity with a neutral density 

filter. Finally, we adjusted the magnification of the microscope to considerably reduce the amount 

of time spent on imaging, with minimal loss in resolution; this was possible because the camera 

had a high pixel count and low pixel size, and high resolution is not required for our purposes. 
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Figure 9. Design of the mask for fabrication of Si chips. Red rectangle delineates one field of view of the 

camera. Blue lines illustrate built-in overlap between these. Other features are explained in the text. 
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Figure 10. Fabrication of Si chips. 
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Figure 11. Fabricated Si chip. (A) Overview of a block of wells in SEM. (B) Close-up on multiple wells; 

black dots are cells settled in the wells. (C) A column number labeling position of the block on the chip. 

(D) A single well harboring a cell. (E) Overview of a finished chip in visible light. 
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Images of individual blocks were subsequently processed with a version of in-house 

automated image analysis software (Enumerator), modified to correctly detect pyramidal wells. 

Unfortunately, slanted walls of the wells were highly reflective, producing mirror images of each 

cell in the 4 walls of a well (Figure 12). These images were falsely identified as cells and 

prevented us from accurately counting the number of cells in each well. However, the mirror 

images had a specific pattern (forming a “cross” around each cell), which could be used to deduce 

the real locations of the cells if sub-well localization was required. 

 

Figure 12. Part of an image analyzed by Enumerator. 

To prepare the chip for molecular imaging in a MALDI instrument, we needed to deposit 

a matrix layer on top of the cells. As described in the Introduction, one of the methods of matrix 

deposition most suitable to our analysis is sublimation with re-crystallization. A custom 

sublimation apparatus and an optimized procedure were created to ensure a homogeneous layer of 

matrix, as described in Methods. We also re-crystallized this layer in a solvent-humidified 

chamber to partially incorporate the analytes of interest (i.e. phospholipids) into the matrix 

crystals. 

For registration in the MALDI instrument’s control software (flexImaging), a single 
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composite image of an entire chip is required. We employed a stitching plugin from ImageJ in a 

custom script to piece together the images of individual blocks (provided with pre-engineered 

overlap area and numbering) with sub-pixel accuracy. Along with excellent dimensional stability 

of Si, this allowed us to register wells with high precision, potentially suitable even for sub-well 

navigation. 

To generate a list of positions to be acquired by MALDI, we exported an XML file with 

calibration information from flexImaging, and parsed it using a custom Python script to add the 

list of wells with cells as defined by Enumerator, along with a randomized list of empty wells 

used for control. An example map of the chip with added positions is shown in Figure 13, and the 

procedure for acquisition of MALDI signal is described in Methods. 

As an initial test of the experimental workflow, we compared the detection of 

phospholipid signal in MALDI to the detection of fluorescent signal as the gold standard. Mouse 

fibroblast cells expressing enhanced green fluorescent protein (eGFP) were loaded onto an array, 

and wells containing cells were identified through fluorescent imaging.  Occupied wells, along 

with a random sample of empty wells, were then subjected to MALDI analysis. Receiver 

operating characteristic (ROC) curves (Figure 14) suggest a high degree of correlation between 

fluorescent and MALDI signal for many m/z values that were handpicked by a trained specialist 

from the MALDI spectra.  

We next determined whether single cell MALDI spectra were capable of identifying 

unique cell populations. We initially compared phospholipid profiles of two distinct cell lines 

processed on separate chips (Figure 15). Principle component analysis (PCA) successfully 

segregated the two cell lines (Figure 15C). The analysis also revealed characteristic peaks that 

could serve as cellular signatures (Figure 15D). We then mixed these two populations on a single 

chip and confirmed that cell lines could indeed be split from each other based on such signatures 

(Figure 16). 
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Figure 13. Map of a Si chip with calculated positions of cells for acquisition in MALDI (blue dots). 

 

Figure 14. Receiver operating characteristic for prediction of wells with MALDI signal based on 

fluorescence. Green curves correspond to wells with cells, gray – to empty wells. 
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Figure 15. Phospholipid profiling in MALDI. Visualization of matrices of the phospholipid signal (700–

860 Da, horizontally) across 1152 spectra (vertically) for each of U87 cells (A) and NIH3T3 cells (B). Each 

cell line was processed independently on a separate chip. (C) PCA score plot delineating the two 

populations. (D) PCA loading plot for certain mass peaks. The peaks in blue could be identified as 

phospholipid markers of cellularity, while the peaks in orange could be associated with U87 cells. Figure 

courtesy of Dr. David Calligaris, BWH 



 
 

40 

 

 

 

 

Figure 16. (A) MALDI spectra for two lines of cells processed on a single chip. (B) The same cells as seen 

in the fluorescence microscope: U87 stained with DAPI (blue), NIH3T3 expressing eGFP (green). (C) PCA 

score plot of the two populations processed separately (blue and green) or on a single chip (red). U87-

specific signal (m/z 760.4, 782.4 & 808.4) can still be detected from the mixture. Figure courtesy of Dr. 

David Calligaris, BWH 
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Figure 17. Comparison between 280 mass spectra of drug-treated U87 cells (A) and 192 spectra of non-

treated cells (B). PCA score plot illustrates two distinct populations (C). Figure courtesy of Dr. David 

Calligaris, BWH 
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To demonstrate the ability of the assay to identify unique primary cell populations, we 

analyzed human primary glioblastoma cell line (U87-MG) pre- and post-treatment with lipid 

kinase inhibitor BKM120 (processed on separate chips). This potent drug penetrates the blood-

brain barrier and acts on class I phosphatidylinositol-3-kinase (PI3K) intracellular pathway 

implicated in many cancers, including glioblastoma; along with its metabolites, this small 

molecule drug can be imaged directly (i.e. without further labeling) with MALDI MSI [57]. 

Although the drug has a particular molecular signature as described in [57], we have not 

attempted to replicate the results of that study; instead, we imaged the cells in the same m/z 

window as the two lines from above. Using this technique, we were able to segregate treated and 

untreated cells, demonstrating our ability to estimate the effect of defined perturbation (drug 

treatment) on the phospholipid profile of a given population of cells (Figure 17). 

 

2.3  Discussion 

Here we demonstrated a platform that couples fluorescence microscopy to MALDI mass 

spectrometry at the single-cell level. To the best of our knowledge, this is the first systematic 

solution to the problem of imaging large numbers of cells in a high-throughput manner using both 

of these imaging modalities. A unique aspect of our approach is the use of a regular array of 

microwells that help compartmentalize cells and image them in an organized manner. While the 

individual aspects of this platform have been proposed or implemented in the past, here we 

combined them in a single pipeline that allows for routine imaging for clinically relevant 

applications. 

Although the mass spectrometric techniques relying on soft ionization have enabled a 

whole suite of “omics” studies in the last two decades, analysis at the single-cell level has 

remained mostly unexplored. While this disparity could be attributed to an overall lack of interest 

in single-cell measurements (fueled by simplifying assumptions) that until recent times permeated 
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the research community, we argue that technical difficulties played an equally important role. The 

main problems included overall low sensitivity and resolution of the instruments for such types of 

analyses, as well as a lack of automated pipelines that are necessary for high-throughput 

processing of single cells. Capitalizing on advances in instrumentation, we have developed such a 

pipeline and demonstrated the ability to routinely profile tens of thousands of cells at the small-

molecule level. This approach complements traditional techniques that rely on labeling reagents 

and mainly target proteins and nucleic acids, while specific probes for small molecules may 

largely be inaccessible. This new imaging modality enables a more comprehensive analysis of 

cellular biochemistry that is necessary for understanding such complex diseases as cancer, which 

are accompanied by considerable changes in metabolic states of cells and cannot be resolved in 

enough detail at the population level. We have showcased two examples of such analyses: a study 

of heterogeneity of mixed samples of cells that is particularly relevant for aggressive tumors (e.g. 

glioblastoma) and could be resolved by lipid profiling of single cells, and characterization of drug 

susceptibility of a model cell line, where the single cell analysis could resolve metabolic 

responses to a particular stimulus. 

While single-cell profiling could potentially be performed in plating experiments where 

the cells are simply attached to a flat surface in a chaotic manner, the use of microwells is 

beneficial in several aspects. First, it allows us to compartmentalize the cells, forming individual 

“chambers” that isolate cells from each other, reduce paracrine signaling and decrease the lateral 

spread of molecules that may occur during the sample preparation for MALDI (thus effectively 

up-concentrating these molecules to meet the sensitivity requirements of the instrument). These 

chambers could also enable microengraving, whereby each microwell would be sealed against an 

elastomeric surface that captures the secretome of each cell. Finally, the spatial arrangement of 

the wells in a rectangular grid streamlines image processing and registration of the locations of 

individual cells, which is critical for subsequent acquisition of the molecular signal in a MALDI 

instrument in a confident and timely manner. 
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Compared to other recent single-cell mass-spectrometric tools (e.g. CyTOF or 

microfluidic chip-based), the microwell approach tracks the history of analysis of individual cells 

throughout the experiment, enabling multiple modalities (microengraving, 

cytometry/phenotyping, metabolic profiling) to be integrated in a “passport” for each cell. It also 

enables analysis of limited samples, where a tissue biopsy can only have tens of thousands or 

fewer cells, far less than the minimum amount required for flow-based analyses with a 

considerable cell loss. Although CyTOF is aimed at immunophenotyping and not small-molecule 

analysis, it heavily relies on the use of expensive isotope-antibody conjugates as labeling 

reagents, which limits the applicability of this technique to the list of known targets and adds to 

the overall complexity of this approach. No such restriction exists for our MALDI-based pipeline; 

targeting various molecules can be as simple as changing the matrix. 

One limitation of our approach lies in the optical imaging of the chips. The current 

generation of devices is not transparent, which does not allow us to easily observe and control the 

process of loading of cells into the wells, as compared to the case of PDMS or transparent 

plastics. This limitation also prevents imaging of the chips in an inverted microscope with cells 

resting in the wells located at the top of the chip; we have to fix cells to the chip and image it with 

wells facing down. Although we could use an upright microscope, it was not readily available in 

the MALDI imaging laboratory at the time of this writing; but more importantly, there is another 

problem when the objective faces the wells. Namely, the metallic surface of the chip is highly 

reflective, creating “ghost” images on the walls of the well around each cell (Figure 12). To 

address these issues, we propose the next version of the chip, whereby the wells would still be 

fabricated in silicon (preserving their shape), but their bottom would be formed by a transparent 

glass substrate (e.g. Pyrex), anodically bonded to the silicon wafer, while the conductive layer 

could be formed by thin film deposition of ITO. A sample fabrication process for such devices is 

described in [58]. Although more involved, it could solve the problems described above. 

In all instances, the microfabrication process requires the use of cleanroom facilities, 
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which increases the cost and complexity of our pipeline. Although microfabrication could be 

made economic for batches of large wafers with many devices per substrate (and our processing 

steps are certainly bulk-compatible), ideally the chips produced in this way should be reused. To 

this end, we have evaluated a protocol regularly employed in the MALDI imaging laboratory for 

cleaning of ITO slides from organic residues of tissues and spotted samples (see Methods); it 

involves repeated sonication with a detergent and multiple solvents (we have also tried stronger 

detergents). Unfortunately, the prior fixation of cells to the chips leaves many partial cells 

attached to the chips even after this rigorous procedure; we also cannot scrub the bottoms of the 

wells (unlike a flat slide), and abrasion could lead to the damage to the conductive film. A more 

rigorous process used to remove organic residues in the microelectronic industry involves the use 

of piranha solution. Unfortunately, in our tests it proved to be highly corrosive to the gold film; it 

is also a hazardous substance, requiring careful use in minute quantities if done in a general-

purpose biomedical laboratory. Our chips could function without the gold film if their surface 

was driven sufficiently conductive to form Ohmic contacts in the presence of native oxide. This 

would be possible if silicon was so heavily doped that electrons could freely tunnel through the 

depletion region in silicon and ~1–2 nm of oxide; the carrier concentrations required for this 

effect are typically on the order of 1019–1020 cm-3 [59], corresponding to resistivities of 10-2–10-3 

Ohm•cm [60]. The wafers with such low resistivities are not readily available (an alternative 

would be to use ion implantation or diffusion to dope a surface layer). Additionally, at such high 

concentrations anisotropic etching rates start to decline, although they could still be practical in 

case of n-type doping [61]. 

Moreover, the MALDI process is destructive to cells. This may be disadvantageous if we 

want to relate phenotypes or metabolism to the genomic or transcriptomic levels, which would 

require recovering cells or their lysates from the microwells for sequencing. While 

microengraving with PDMS stamps is compatible with these downstream analyses, the MALDI 

analysis of cells composition has to be an endpoint. One could also develop MSI of secreted 
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products captured by microengraving (such as exosomes), which would not interfere with cell 

viability. 

Although our method has been demonstrated for the analysis of phospholipid 

composition of cells, we believe that it could be translated to other types of molecules [35]: other 

lipids, cell cycle and drug metabolites, peptides and potentially even mRNA, polysaccharides, 

and proteins. Our approach is equally applicable to all of them, as MALDI doesn’t have inherent 

limitations on the m/z ratio. The only substantial requirements are the abundance of the molecules 

and the sensitivity of the instruments to detect them. While each class of molecules requires 

optimization of the protocols and reagents, there is reasonable hope that with the improvement of 

the sensitivity of the instruments we will gain additional insight into these classes of analytes. 

Finally, while we have mainly been interested in profiling of brain tumors (and the 

information about specific lipid profiles might have been already available for them), our 

approach can be broadened to other classes of cells and diseases. Information about cellular 

heterogeneity is equally important for other types of cancer, immune profiling, studies of the gut 

microbiome and bacterial infections. Systematic, comprehensive and rapid methods for obtaining 

this information can greatly benefit not only our understanding of the progression of cell 

populations and associated diseases, but can provide clinicians with valuable input affecting their 

decisions at the bench side. 

 

2.4  Methods 

Mask design was performed using an in-house Perl script and an official DXF Reference 

specification [62] for the open file format used by Autodesk AutoCAD. The files could be 

generated by the script in 10–20 sec and checked for consistency in AutoCAD. All features were 

“drawn” as non-intersecting closed polylines to meet the requirements for plotting set by the 

masking companies. The final file was converted from DXF to GDSII format and checked in Bay 
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Technology LinkCAD. The file was then sent for production to Photo Sciences Inc.; the mask 

was made on a 7” soda-lime glass at CD 3um, with clear features, chrome side down. 

Fabrication of the Si chip was carried out in class 10 (the Integrated Circuits Laboratory, 

ICL) and 100 (the Technology Research Laboratory, TRL) cleanroom facilities of the 

Microsystems Technology Laboratories (MTL) at MIT. 6” <100> Si wafers (prime grade, CZ, N-

type Phos., resistivity 4–7 Ohm-cm, thickness 600–650 um) were supplied by MTL from MEMC 

Electronic Materials. LPCVD silicon nitride was deposited by MTL staff in SVG/Thermco 7000 

Series vertical thermal reactor (VTR). Photoresist processing was performed on automated SSI 

150 coater/developer track (“coater6”) using a standard recipe; briefly, wafers were treated with 

hexamethyldisilazane (HMDS), and SPR700 v1.2 positive photoresist was spun-on for ~1 um 

thickness and pre-baked at 95C. The photoresist was exposed for 5 sec in Electronic Visions 620 

mask aligner; no precision alignment was necessary, but the mask and the wafer flat were assured 

to not be askew relative to each other. The photoresist was then developed with in-line developer 

on coater6. The silicon nitride was dry-etched for a total of 120 sec with SF6 plasma in Lam 

Research Model 490B. The photoresist was stripped with piranha solution, a 1:3 mixture of 30% 

hydrogen peroxide (H2O2) to concentrated sulfuric acid (H2SO4) (acid first), for 10 min. 

Anisotropic wet etching of Si was performed with 20% wt. solution of potassium hydroxide 

(KOH) in water at 80C for ~50 min to achieve ~50 um deep wells. The quality of etching was 

inspected in a reflected light microscope. Wafers were cleaned from KOH with a double-piranha 

protocol (10 min piranha, rinse in DI water, 10 min piranha, dump-rinse) as a requirement to use 

the next (CMOS-compatible) acid hood. The remaining silicon nitride was stripped with 85% wt. 

phosphoric acid at 165C for 20 min. Finally, Sloan 8KV electron-beam evaporator was used to 

deposit 10nm of Ti and 100nm of Au. The wafers were then cut to individual chips using Disco 

Abrasive System Model DAD-2H/6T die saw. 

The plastic chips were made by Edge Embossing LLC from a master with the use of two 

intermediate elastomeric molds. The master consists of SU-8 posts patterned on a 4” Si wafer 
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using standard photolithography performed at the Institute of Electronics and Nanotechnology of 

Georgia Institute of Technology; the masks were ordered from Photo Sciences Inc. with dark 

features, chrome side down. ITO and Au were deposited on plastic chips in AJA Orion 5 

sputtering system at class 10,000 (the Exploratory Materials Laboratory, EML) facility at MTL. 

Characterization of the chips with scanning electron microscopy was performed in 

secondary electron mode at low kilo-voltage on general-purpose microscopes, either JEOL 5910 

at the MIT Center for Materials Science and Engineering (CMSE) or JEOL 6010LA at the MIT 

Institute for Soldier Nanotechnologies (ISN). 

Cell preparation. NIH3T3 (mouse fibroblast) cell line was engineered to express 

enhanced green fluorescent protein (eGFP) reporter gene by Dr. Salil Desai at MIT. U87-MG 

(human primary glioblastoma) cells (ATCC) were stained with 50 ug/mL 4',6-diamidino-2-

phenylindole (DAPI, Invitrogen D21490) nuclear stain for 1 min and washed 3 times in 1x PBS 

to remove excess dye. NIH3T3 and U87-MG were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Fisher Scientific) with 10% fetal bovine serum (FBS), 1% Penicillin-

Streptomycin and 1% L-glutamine (Life Technologies). The cells were counted on a 

hemocytometer and re-suspended in 1x PBS to the final concentration of ~50,000 cells/mL. The 

chip was treated for 5 min in Harrick PDC-001 plasma cleaner, and 1 mL of cell suspension was 

spread across the useful area of the chip. The cells were allowed to settle for 3 min, after which 

the chip was rotated 180° to even out a possible tilt, and was allowed to stay for 3 more min. For 

the drug response experiments, U87-MG cells were incubated on the chip with 5 uL of 100 uM 

BKM120 in DMSO for 20 min at 37C. The chip was then slanted on a dish, and 500 uL of 1x 

PBS was gently run from the upper short edge to wash out excess cells; this washing was 

repeated for alternating sides 5–10 times. The remaining cells were fixed for 15 min with 0.25% 

glutaraldehyde in 1x PBS at 37C. Finally, the chip was washed 5 times for 2 min in DI water to 

remove salts and dried in a MiniArray Microcentrifuge (VWR) for 5 min. 

Imaging cytometry was performed on AxioObserver Z1 with AxioCam MRm Rev.3 and 
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a 5x, 0.16 NA objective from Zeiss. The camera sensor has 1388 x 1040 pixels, each 6.45 um in 

size. A 0.63x de-magnifying lens installed before the camera enabled the total magnification of 

3.15x. The total field of view was then (1388 x 1040) * 6.45 um / 3.15 ~ (2842 x 2130) um, 

imaged at 6.45 um / 3.15 ~ 2.05 um/pixel; the Abbe diffraction limit at 500 nm is 0.61 * 0.5 um / 

0.16 ~ 1.9 um, optimally close to this theoretical resolution. Each block of wells was designed as 

(2700 x 2000) um rectangle to provide an overlap for subsequent stitching; a typical geometry of 

the chip had 21 * 9 = 189 blocks. The block-by-block acquisition was set up in ZEN software 

environment, with spline interpolated focus based on a 5 x 3 grid of focal support points. The 

microscope had been equipped with a rotating turret of fluorescence filters mounted in cubes; a 

bright-field reflected light cube was set up with 10:90 UVFS plate beamsplitter (Thorlabs, 

BSN10R) and an OD 4.0 AR-coated neutral density filter (Thorlabs, NE40B-A). Imaging of all 

blocks with 3 channels (bright-field, DAPI, eGFP) took less than 10 min. 

Image processing was carried out in MATLAB-based Enumerator software written by 

Dr. David Biggs, taking ~15 min on an 8-core Xeon CPU with 64GB RAM. The software outputs 

a ‘.cells.txt’ file containing a tabulated list of positions of detected cells. 

Matrix deposition. An in-house sublimation apparatus was engineered by Dr. David 

Calligaris at BWH (Figure 18). 300 mg of α-cyano-4-hydroxycinnamic acid was dispensed at the 

bottom of the glass jar. The chip was tape-mounted to the glass insert and placed ~ 2 cm above 

the matrix crystals. The jar and the insert were sealed with an o-ring, and the resulting chamber 

was evacuated to 20 mTorr (a cold trap before the pump was used to condense any dangerous 

vapors from sublimation). The assembly was placed on a heated sand bath at 140 C, and the insert 

was filled with ice at 4 C. The sublimation was allowed to proceed for 20 min. After the 

sublimation, the chip was placed face down on a metal holder installed in a glass chamber that 

was filled with 50% methanol and 5% acetic acid in water, and left at 85C for 10–20 min to co-

crystallize the matrix with the lipid molecules. 
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Figure 18. Schematics of the sublimation apparatus used for deposition of the matrix. Figure courtesy of 

Dr. David Calligaris, BWH 

Registration. The chip was mounted in a specimen holder (designed to accommodate 

microscope slides) and was placed in the MALDI instrument. With the help of an in-house 

MATLAB script, the individual images of the blocks were extracted and downscaled from ZEN 

file, the fluorescent and bright-field channels were artificially colored and were overlapped, and 

the final images were stitched and fused together using the Grid/Collection Stitching plug-in from 

Fiji/ImageJ on the image processing workstation. The final uncompressed size of the image was 

set to no more than 200 MB to be compatible with MALDI imaging software flexImaging 4.0 

(Bruker Daltonics). The image was also flipped in ImageJ to show the actual (not mirrored as 

imaged) surface of the chip, where the labeling numbers looked right. In several instances of the 

experiment, stitching missed a corner block, in which case we used ImageJ to draw the position 

of the corner well of that block. We began a “Tissue Profiling” experiment in flexImaging and, 

using the live window, navigated to the corner wells of 3 corner blocks on the chip, and matched 

them to those in the image. The dummy experimental XML file containing this calibration 

information, along with the ‘.cells’ file from Enumerator and the stitched image file, were then 
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imported into a custom Python script that calculated the absolute positions of all the wells with 

the cells, along with a fraction of empty wells, and added them to the XML file, displaying the 

results as dots on the image for visual inspection (Figure 13). The updated XML file was then 

imported back to flexImaging. 

MALDI imaging was performed on Bruker ultrafleXtreme in reflectron positive ion 

mode. The spectra were calibrated using a standard solution pre-spotted at the edge of the chip. 

The laser probe spot diameter was normally set to 50 um to match the size of the bottom of the 

wells. The beam was manually offset to compensate for the variation in height between the 

bottom and top surfaces of the wells. For each position, 1000 laser shots were fired with a small 

“random walk” and accumulated into one spectrum. Acquisition took ~3–4 h for a typical chip 

with ~18,000 wells. 

 

Figure 19. Detection of phospholipids from NIH3T3 cells. Green spectrum corresponds to wells with cells, 

gray – empty wells (as detected by fluorescence). Figure courtesy of Dr. David Calligaris, BWH 
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Figure 20. Cell-specific (B, C) and non-specific (D) MALDI signal, as compared to fluorescence (A). Red 

circles indicate locations of empty wells. Courtesy of Dr. David Calligaris, BWH 

MS analysis started with a manual observation of characteristic peaks in the region of 

interest (e.g. 700 – 800 Da for phospholipids) for the spectra located on wells with the cells as 

compared to empty wells. The peaks present in the former but absent in the latter (Figure 19) 

were then visualized on the image of the chip, with mass filters set to +/- 0.1 Da (Figure 20), to 

confirm correlation with the presence of cells. Alternatively, the peaks of interest could have been 

identified from the previous experiments and/or the literature. For each peak, its intensity across 

all the wells could be exported as a list. 

To plot a ROC curve for MALDI signal with fluorescence as the gold standard (Figure 

14), we calculated the true positive rate TPR = TP / (TP + FN), where TP were true positives 

(number of wells with both fluorescence and MALDI signal above a threshold), FN were false 

negatives (wells with fluorescence but no mass signal), versus false positive rate FPR = FP / (FP 

+ TN), where FP were false positives (no fluorescence but mass signal above a threshold) and TN 
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were true negatives (no fluorescence, no mass signal), for varying thresholds. 

Principal component analysis (PCA) to identify subpopulations of cells based on the 

MALDI signal was performed in ClinProTools 3.0 (Bruker Daltonics). The software 

automatically performed normalization, baseline subtraction, peak picking and recalibration of 

the spectra based on the default method. The mass range for PCA was set to m/z 700–1400. 

Cleaning of chips from matrix and cells or their residues was attempted using an in-

house protocol previously used for tissue samples fixed to ITO-coated slides. Briefly, the chips 

were loaded in a metallic holder for glass slides and sonicated in acetone for 15 min. After rinsing 

2 times with water, we sonicated the chips further in 5% Micro-90 cleaning solution (Cole-

Parmer) for 15 min. After rinsing in water again until no bubbles from Micro-90 remained, we 

sonicated the chips in water for 5 more min, then in methanol for 15 min, and finally in water 

again for 15 min.  
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3. Nanowell plates for cytometry and recovery of single cells 

3.1  Introduction 

Single-cell analysis has transformed our understanding of biology at the functional and 

genomic levels. Important recent applications of single-cell technologies include profiling of 

human immune responses [63], screening highly-secreting cells for the production of monoclonal 

antibodies and other biologics [43] [64], detection of circulating tumor cells (CTCs) responsible 

for metastatic cancers [65], and many others. 

Existing platforms for single-cell analysis such as flow cytometry [66] and Fluidigm C1 

[67] have been enormously useful for characterizing populations of single cells. Flow cytometry 

is suited to rapid acquisition of measurements of cell lineage, protein secretion, proliferation or 

cytolytic activity in large populations (106 – 107 at up to 104 cells/s) [2], while Fluidigm C1 is 

used for highly reliable genetic analyses on a small number of cells (96). Unfortunately, these 

tools still have limited potential for characterization and recovery of rare cells. Flow cytometry 

allows for routine detection of cells down to 1:1,000 [2], while Fluidigm C1 provides no 

mechanism for cell selection. Many important applications cited above require routine 

identification and interrogation of 1 in a few 10,000s of cells. 

In addition, human clinical research often involves limited specimens or material for 

analysis; important examples include stem cells, tumor biopsies, mucosal brushes and other 

samples where, unlike in blood draws, only a limited number of cells of interest (104 – 105) may 

be available [2]. These specimens may not be amenable to the more traditional tools such as flow 

cytometry (which requires higher numbers of cells), and often allow only one run of analysis per 

sample. 

Arrays of microwells have offered an alternative solution to compartmentalize single 

cells for high-content multi-dimensional analysis of such samples [68]. This technology enables 

correlation of multiple measurements involving both phenotype and genotype that can be 
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performed either on-chip or off-chip in a single pipeline, establishing a platform for integrative 

single-cell analysis [2]. 

Yet, the throughput of such assays remains a major limitation. While techniques such as 

microengraving involve up to ~105 cells per one array [13], the times spent on imaging, the cell 

loading efficiency and the number of samples that can be processed simultaneously or within a 

single modular operation, can certainly be improved. In addition, interfacing these custom tools 

with existing equipment is problematic. Finally, the mass production of such devices would 

greatly empower single-cell research, but is not easily achieved with the current choice of 

materials, such as PDMS. 

Here we built a microwell platform for high-throughput cytometry and recovery of rare 

single cells that offers significant improvements in all these directions and has direct implications 

for human clinical research. 

 

3.2  Results 

Existing arrays, such as those used in microengraving [13], have relied on formats 

designed to interface with tools for standard microarray slides (25 mm x 75 mm), or custom 

formats (e.g. slabs cut out of PDMS). To accommodate increased numbers of samples processed 

in each modular operation, and expand compatibility with automated equipment used for these 

operations (liquid handlers, robotic macro- and micromanipulators, optical equipment etc.), we 

designed a new array that relies on the form factor of the microtiter plates. This standard – SBS 

format (named after the Society for Biomolecular Screening [69]) – provides 

compartmentalization of multiple samples on a single plastic device using an array of 

macroscopic wells (“macrowells”) (Figure 21A) . 
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Figure 21. Design of the nanowell plate. (A) Schematics and dimensions of the macrowell piece (upper 

part). (B) Design of the grid of nanowells (bottom part). (C) Relative dimensions of the macro- and 

nanowells. 
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The second part of the device comprises arrays of microscopic wells (henceforth referred 

to as “nanowells” because of their sub-nanoliter volume) arranged in a grid matched to the 

arrangement of the macroscopic wells (Figure 21B). Each array of nanowells resides at the 

bottom of a macrowell and allows for microscopic compartmentalization of cells from the 

corresponding sample (Figure 21C). 

Both parts of the device can be manufactured independently of each other, allowing 

additional flexibility not readily achieved with a single-piece geometry. Since we intend to 

ultimately mass-produce such devices for the benefit of our laboratory and a broader impact in 

the research community, we need to ensure that each part can be reliably manufactured according 

to its specific set of dimensions and tolerances, which are vastly different for the macro- and the 

microscale. To demonstrate the utility of these devices prior to mass manufacturing, we have 

chosen a number of rapid prototyping tools suitable for the production of each part. These tools 

allowed us to produce dozens of devices in rapid iterations to evaluate and achieve an optimal set 

of geometries. 3D printing and stereolithography (SLA) are fast, accessible and relatively 

inexpensive additive technologies for building macroscopic pieces where high resolution is not 

required [70]. The microscopic part can be replicated with soft embossing [52] from a rigid 

master that is fabricated once in a standard cleanroom facility. 

We evaluated two processes for the production of the masters. In one instance, we used 

anisotropic etching of Si for the microfabrication of nanowells with tapered walls [56] (see 

Chapter 2). This geometry facilitates replication of the rigid master in a subsequent molding step, 

as the draft angle of ~350 (defined by crystalline planes in Si [56]), along with an extremely low 

surface roughness produced by the process, aid separation of the molded piece from the master 

(Figure 23A, left). Additionally, such wells could be moved closer to each other, while 

maintaining the overall thickness and rigidity of the walls in between, which could otherwise 

deform or collapse upon replication in plastic had the walls been vertical (e.g. for 10 um nominal 

width and 20–35 um depth of the walls); see Figure 23A, right for comparison. Close separation 
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between the wells maximizes the useful area of the device (allowing us to fit more wells in a 

smaller area), increasing the number of samples that could be processed on each device, 

decreasing imaging times per sample and minimizing cell loss due to the “dead” area (so that a 

larger proportion of cells could settle into the wells from suspension). Additionally, such close 

separation could not have been achieved with the older method of production of the masters, 

namely with SU-8 posts photolithographically patterned on a Si wafer, as close spaces between 

the posts necessitated longer development times to remove residual photoresist, which could 

result in distortion of the features. 

Alternatively, we employed deep reactive-ion etching (DRIE) of Si to produce masters 

with vertical walls [71] (Figure 22, Figure 23B,C). Briefly, we defined patterns of microwells in 

~10 um thick photoresist on Si wafers. We then employed the Bosch process, which applies 

alternating cycles of chemically reactive plasma and sidewall passivation gas to produce deep 

structures with almost perfectly vertical profile of the walls [71]. However, one side effect of this 

process is an undulating profile of the sidewalls (Figure 23C, bottom-right), which may 

complicate subsequent molding due to additional friction. To reduce the impact of this effect, as 

well as to prevent deformation of the features upon molding while keeping the distances between 

wells short, we decreased the depth of the wells relative to their width (Figure 23B, left). One 

advantage of vertical walls over the trapezoid profile described above is an increased area at the 

bottom of the wells (Figure 23B, right); it will come useful when we consider loading wells with 

magnetic beads that can occlude the field of view at the bottom of the wells if the area is not large 

enough. After the Bosch process, we stripped photoresist and could additionally passivate the 

sidewalls in the same instrument to aid separation of microstructures subsequently molded from 

the primary or secondary masters. 
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Figure 22. Steps for microfabrication of masters with DRIE. 

Both of the techniques described above employ bulk micromachining of Si, ensuring that 

microscopic features are a single piece with the wafer, unlike in the processes where the features 

are attached to the wafer and may wear out with repeated moldings (an example of such process 

is patterning of SU-8 posts). 

To facilitate image acquisition and analysis, we arranged the nanowells in blocks that fit 

the field of view on the microscope (see Methods); if the blocks were spaced further apart, the 

separation area would be unused in cell loading (potentially resulting in cell loss), while a shorter 

distance between the blocks would increase the number of blocks per given area, thus increasing 

the time spent on imaging. Within each block, we tried to fit as many wells as possible, while 

accounting for a possible drift of the microscope stage from one block to another (Figure 30), 

which may lead to incomplete imaging of the outermost wells. 
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Figure 23. Alternative designs of nanowells. (A) Nanowells produced with anisotropic etching of Si. (B) 

DRIE of wells with vertical walls. (C) SEM images of nanowells produced with DRIE. 
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To reduce cell loss, the edges of each array of nanowells (corresponding to one 

macrowell) were designed to be as close as possible to the edges of the macrowell. However, 

since the two parts of the final device have different tolerances on the materials and processes 

involved in their production, and they have to be aligned and bonded, we cannot rely on a 

microscopically precise alignment. As such, we had to introduce a ~200 um border gap at the 

edges of each array. Additionally, to be able to access the outermost wells with macroscopic tools 

such as a liquid handling pipette or a cell picking capillary, as well as to facilitate molding of the 

macrowell plate in the future, we introduced a taper to the sidewalls of each macrowell. 

A typical workflow for finished devices (Figure 24) is illustrated in Figure 25. It starts 

with a suspension of fluorescently labeled cells drawn from a clinical sample (this could be a 

disaggregated tumor, a tissue biopsy, whole blood etc.). We then load cells from each suspension 

into the nanowells of a corresponding macrowell, which could be accomplished in a number of 

ways (settling by gravity, centrifugation, immunomagnetic enrichment etc.). We proceed with 

automated imaging of each array in a block-by-block fashion, and then process the results with a 

semi-automated image analysis software. This analysis produces a list of candidate cells with 

their locations that could then be used to transfer individual cells of interest to the wells of a 96-

well plate for downstream analysis (such as transcriptional profiling, whole exome sequencing, or 

clonal expansion). 

To assess the utility of this expanded format for a variety of single-cell analyses, we 

designed experiments for identification and recovery of rare cells and for phenotypic analysis of 

small clinical samples. 
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Figure 24. Nanowell plate for single-cell cytometry. 

 

 

Figure 25. Workflow for single-cell analysis using the nanowell plates 
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3.2.1  Identification and recovery of CTCs 

 Circulating tumor cells (CTCs) are rare tumor cells found in the blood of cancer patients 

(~1 ppm mononuclear cells) and believed to be responsible for disseminating cancer (metastasis) 

[72]. The numbers of CTCs found in blood can serve as a prognostic indicator in certain tumor 

types [73]. While a variety of methods for enriching and enumerating CTCs have been developed 

over the past decade (most notably CellSearch, the only FDA-approved method for this purpose 

[73]), CTCs offer many opportunities beyond enumeration. Indeed, molecular analysis of CTCs 

may reveal information about solid tumor lesions and allow monitoring of the progression of 

disease from blood samples. Along with the analysis of circulating tumor DNA, such “liquid 

biopsies” offer a real-time, minimally-invasive window into metastasis that would not be feasible 

using repeated surgical biopsies [74], [75]. 

 Sequencing-based analyses of CTCs should allow us to trace lineage-specific evolution 

of tumors, assess clonal heterogeneity, and reveal mechanisms of resistance to therapies [72]. 

However, the inherently small amount of material available from each cell (e.g. only 1 copy of 

each parental allele) necessitates the use of amplification methods prior to sequencing that 

introduce biases and errors which confound the confident calling of mutations and copy-number 

alterations [76]. Census-based methods enable accurate and powered calling of somatic 

alterations from CTCs, but require isolating, amplifying, and sequencing multiple independent 

CTCs, and thus are limited when an insufficient number of cells is available [76]. As such, 

increasing the number of single CTCs recovered from a given volume of blood (or processing 

larger volumes in a given time) is paramount to performing more confident and detailed analyses, 

along with expanding the (sometimes incompatible) types of analysis performed on each sample. 

 A substantial number of methods for detection, enrichment and limited characterization 

of CTCs have been developed over the last several years [77]. These methods can generally be 

divided into marker-dependent and marker-independent. The former mainly relies on specific 
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proteins displayed on the surfaces of CTCs and not white blood cells—or vice versa. Positive 

selection relies upon epithelial cell adhesion molecule (EpCAM) expression on CTCs and 

negative selection relies upon expression of CD45 on white blood cells. These antigens are 

targeted by antibodies conjugated to fluorophores or magnetic beads to selectively enrich or 

deplete a sample for cells expressing them. Some recently developed technologies (such as 

microfluidics-based CTC-iChip [78]) can operate in either mode of selection to increase total 

enrichment rates. When target cells do not express specific or known markers, marker-

independent methods relying on physical differences between malignant and normal cells are 

used, such as filter-based isolation by size of epithelial tumor cells (ISET) [79] or ScreenCell 

[80]. 

 After the sample is enriched and CTCs are identified, they still need to be recovered for 

further analysis. Recoveries are mainly performed by FACS, microfluidics, laser micro-dissection 

or micromanipulation [72]. Each method has its own advantages and flaws, but for image-guided 

recovery, micromanipulation is the most straightforward of all. However, it is still generally 

performed through time-consuming manual micromanipulation, or in rare cases in automated 

fashion when suitable equipment (such as ALS CellCelector [81]) is available. 

Here we leveraged the new format of the nanowell arrays to integrate enrichment with the 

automated platform established for CTC identification and recovery [76]. We developed a 

method for on-chip enrichment that combines immunomagnetic labeling with density gradients 

(Figure 26). Lysis of red blood cells (RBCs) is performed on a vial of blood, and the resulting 

cell suspension is then incubated with immunomagnetic beads to selectively label EpCAM-

expressing CTCs. Macrowells of our plates are filled with a biocompatible dense medium such as 

Percoll (colloidal suspension of silica nanoparticles coated with polyvinylpyrrolidone), and the 

bead-labeled cell suspension is dispensed on top of it; the two liquids remain separated according 

to their densities. Since the beads are much heavier than the cells or the medium (e.g. iron has 6–

7 times higher density), and a few of them are conjugated to each cell, they can pull CTCs 
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through the dense layer by gravity. Additionally, these cells can be pulled with a magnet placed 

underneath the imaging surface (Figure 26a). As a result, CTCs sediment into nanowells at the 

imaging surface, but only a few contaminating WBCs ever reach the same level. 

After sedimentation, we can aspirate the blood layer and the dense medium, which 

removes the majority of contaminating WBCs or remnants of RBCs. We then wash and stain cells 

on the magnet, remove the latter and image cells on the same surface (Figure 26a, right). CTCs 

selected based on positive and negative fluorescent markers and morphology can be subsequently 

recovered by automated micromanipulation to a PCR plate for whole-genome amplification, 

library preparation, and sequencing, as described elsewhere [76]. 

 To validate CTC recovery rates for this platform, cells from a cancer cell line were 

fluorescently labeled and manually counted on a glass microscope slide (Figure 26b). We then 

spiked the same amount of cells (per volume) into RBC-lysed, healthy donor blood, and 

processed these spiked samples via the procedure described above (Figure 26a, b). We 

determined the numbers of cells recovered based on the imaging cytometry (Figure 26c). The 

chart in Figure 26c demonstrates the rates of recovery that decrease with volume of processed 

blood, but are still fairly high even for greater volumes (> 7.5 mL). 

The new format allows us to directly perform enrichment on nanowell arrays using the 

macrowells to partition the samples, which would not be straightforward with the old design (in 

the format of a microscope slide). We also compared cell recovery rates between the two 

platforms. A schematic of this study is shown in Figure 27A (we didn’t perform 

immunomagnetic enrichment for a more clear comparison, since the old design doesn’t natively 

accommodate it). Recovery rates proved to be very similar for both platforms (Figure 27B). The 

imaging times, however, were substantially lower for the new design, suggesting an overall 

improved efficiency in processing rare cells such as CTCs (see Discussion and Methods). 
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Figure 26. Direct density-based immunomagnetic enrichment and recovery of CTCs using the nanowell 

plates. Figure courtesy of Viktor Adalsteinsson, MIT.  
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Figure 27. Comparison of cell recovery rates between old and new designs. (A) Design of the study. (B) 

Results; whiskers display the range of values (n=3). Figure (A) adopted from Figure 26b. 
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3.2.2  Immunophenotyping of small samples. 

Robust characterization of human immune responses necessitates measurements that are 

able to resolve a variety of classes of cells and their unique traits within each class, as well as 

temporal variations of those traits at the single-cell level [63]. Such fine resolution can only be 

achieved with special methods designed with high multiplexity in mind. Over the years, 

polychromatic flow cytometry has proved to be an indispensible tool in this regard [82]. A more 

recent example, mass cytometry (CyTOF), has allowed for an even greater expansion of the 

number of simultaneously accessed parameters [83]. 

These (now becoming orthodox) methods, however, come with a number of inherent 

limitations. First, due to the inefficiencies in sample processing, the number of cells required to 

establish a robust statistic with these methods is often far greater (~105–107) than available 

through standard sample acquisition techniques (small biopsies, cytobrushes, etc.) [84]. Second, 

traditional methods often destroy viability or lose identity of interrogated cells by the end of 

analysis, precluding further characterization of these with orthogonal assays; or, while a small 

subset of cells could be sorted out for further analysis, tracing of many subsets is often desired. 

As a result, such methods waste precious clinical samples, increasing both patient morbidity and 

diagnostic costs by requiring multiple sample draws. 

Our laboratory has recently developed Multi-Spectral Image Cytometry (MuSIC) that 

uses a regular epifluorescence microscope to access 16 phenotypic parameters simultaneously on 

up to 105 single cells [84]. The increased spectral resolution is enabled by established methods for 

compensation between fluorescent channels developed in analogy with polychromatic flow 

cytometry. Unlike in the latter, however, all cells remain viable and individually accessible for 

downstream analyses. 

One disadvantage of the new method is an increased imaging time spent on each sample 

(4x or more). We demonstrated the utility of the new nanowell platform for MuSIC by speeding 
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up image acquisition and analysis compared to regular chips. A standard panel of 15 markers was 

applied to peripheral blood mononuclear cells (PBMCs) from an individual. These markers 

allowed us to define populations of T cells (CD45+ CD3+) and other leukocytes (CD45+ CD3-) 

in this sample (Figure 28A, top), and determine several sub-lineages (along with their activation 

states) among these two (Figure 28A, middle and bottom). Further, we applied the same panel to 

a matched mucosal cytobrush sample from the same individual, and processed both samples on 

the new and the old arrays (Figure 28B). While we observed very similar patterns in cell 

distributions for each sample across the designs, the distinctions between the two samples were 

preserved (Figure 28B). Further, while we loaded comparable number of cells on both devices, 

the new format took only a fraction of imaging time required for old arrays (from 1.5 h to ~12 

min). This speed-up was enabled by a closer separation between the wells compared to the old 

platform (10 um versus 50 um) and a smaller border at the edge of the field of view (~25 um 

versus ~100 um), all of which allowed us to fit many more wells in a block (21 x 21 = 441 

compared to 11 x 11 = 121) and decrease the total number of blocks (10 x 10 = 100 versus 15 x 

46 = 690), leading to a ~7x decrease in imaging time. In addition, better compartmentalization of 

samples on the new platform could decrease cross-contamination. 
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Figure 28. Immunophenotyping with MuSIC. (A) Gating of various cell subpopulations from peripheral 

blood mononuclear cells (PBMCs) imaged on the nanowell plate. (B) Comparison of PBMCs and 

cytobrush samples in the new and the old designs. Figure courtesy Dr. Todd Gierahn. 
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3.3  Discussion 

Here we demonstrated a nanowell plate platform for single-cell analysis as a direct 

improvement over the established nanowell array format previously developed in our laboratory. 

The new platform comes in a different form-factor, allowing us to independently process more 

samples on each device (24 compared to one or a few), greatly cut down times spent on imaging, 

and directly interface with a range of automated equipment suitable for processing in a 

standardized format (SBS). Additionally, the new format and associated materials are directly 

compatible with large-scale replication, a critical limitation of the old arrays. 

Although we also expected higher rates of recovery of cells in the new format compared 

to the old one, the increased throughput of the new design enabled more efficient processing of a 

greater number of samples, posing a potential for scale-up of single-cell analyses not possible 

with the previous design. SBS format is the gold standard for automated high-throughput 

screening assays used in the industry; we have now brought it to phenotypic analyses at the 

single-cell level that preserve viability, identity, and potential for recovery of cells throughout an 

experiment. While other SBS-based platforms (such as 96-well plates) may allow for similar 

types of analyses, we argue that by compartmentalizing cells in the nanowells (a unique feature of 

our assays), we improve isolation and simplify localization and recovery of individual cells of 

interest. We demonstrated the utility of our platform in two important examples: enrichment and 

recovery of circulating tumor cells (rare cells found in the blood of cancer patients and believed 

to be responsible for metastasis), and immunophenotyping of leukocytes from small tissue or 

blood samples available on a more regular basis than surgical biopsies. As such, our technology 

directly addresses the need for analysis and recovery of cells that could be missed or inaccessible 

through the more established methods of analysis. 

One limitation of the new platform is sequential processing of samples. Although the 

times spent on imaging of each array have drastically decreased compared to the old format, we 
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still image only one array at a time; multiplied by 24, this leads to a significant total time per each 

plate (however, it is spent more efficiently). We expect that advances in imaging systems will 

somewhat alleviate this problem; for example, several cameras simultaneously capturing each 

field of view (in different channels) would cut the total time proportionately. One could also 

incorporate several imagers acting in parallel on separate macrowells. 

A few other problems could feasibly be solved in the near future. One concern is 

deficiencies in the automated equipment’s interface with our platform (e.g. the arm of our cell 

picking robot can only reach certain macrowells; this will be addressed with a better 

manipulator). There are shortcomings in manual gluing of the top and the bottom parts: even 

under substantial pressure, the glue doesn’t spread and cure uniformly, leading to leakage of 

media from some wells and excessive spread of the glue into the wells; these issues can be 

efficiently addressed with precise automated spotting of the glue (however, that requires special 

equipment). There is a non-uniform distortion of blocks from replication of the bottom part (due 

to uneven heating/cooling and thermal expansion during embossing of the material), which 

complicates alignment of arrays for imaging and leads to improper shifts in positions of the 

blocks relative to the grid. The latter problem, together with (perhaps overly small) gaps between 

the blocks, results in incomplete imaging of some wells at the edges of camera’s field of view; 

this effect can be reduced by allowing more “dead” space between blocks, or with advances in 

injection molding of small features (albeit at a high cost). Moreover, optical instruments with 

large fields of view (desirable for high-throughput imaging) suffer from inhomogeneous 

illumination profile that falls off towards the edges, as illustrated for immunophenotyping in 

Figure 29; this widens distributions of fluorescence intensities for each population of cells, 

confounding the gating procedure and increasing potential for misclassification. The illumination 

problem could be addressed by post-processing that accounts for shading, either in software or 

hardware (as done is some recent cameras), or better still, by improving illumination profile of 
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the light source. Lastly, retention of cells in the nanowells of the new format is affected by 

shallow depth of the wells that assists with replication; state-of-the-art methods for DRIE or a 

combination of DRIE and anisotropic etching may allow increasing the depth while ensuring a 

positive slant of the walls. 

 

Figure 29. Median intensity across the field of view for several channels. 

 

Figure 30. Spread of well centroids across an array (shown for an old chip design). 
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Finally, the old arrays have been specifically designed for microengraving, which 

captures elements of the secretome of each cell (in addition to phenotypic traits from cytometry), 

greatly expanding the amount of information and types of assays available for each cell. Our new 

format has not yet been interfaced with microengraving, as doing so requires replication of the 

“printing” procedure wherein the old arrays leveraged the elastic properties of PDMS to 

conformally seal against a hard surface of the glass slide. Conversely, the new plates are made in 

a hard material and could thus necessitate the use of a “soft” reciprocal surface. However, 

elastomeric materials are less amenable to large-scale replication due to long curing times and 

general “stickiness”, although this could be addressed with the newer “thermoplastic elastomers” 

suitable for extrusion (another potential solution is a hard reciprocal plate with a special relief that 

fits in the nanowells but doesn't require microscopic alignment). In addition, the raised profile of 

macrowells leads to a bulky reciprocal format that may be incompatible with specialized 

microscope slide scanners for reading the fluorescent signal from the “prints”; one solution would 

be to use high-sensitivity microscopes configured with top-of-the-line components. For example, 

we could use higher-NA objectives to collect more light; doing so necessitates shorter working 

distances, but may be enabled by the decreased thickness of the nanowell plates compared to the 

old PDMS-glass format. 

While we have demonstrated the utility of the new platform for analyses of CTCs and 

mucosal samples, our approach can be applied to any area where identification and recovery of 

rare cells, or characterization of cellular heterogeneity, are needed, while only small numbers of 

cells may be available; it could equally apply to stem cells, bacteria and yeast, or highly 

heterogeneous tumors. Compared to the previous approaches, our platform enables simultaneous 

high-content and high-throughput phenotypic characterization of single cells, while preserving 

cell viability and identity for further analyses. Along with standardization of the form-factor, this 

makes our approach modular enough to be integrated with existing analytical pipelines to enable 

an even greater degree of characterization of cells and ultimately improve understanding of 

biological processes and assist diagnostics. 
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3.4  Methods 

Design of masks for the production of masters for the bottom part of nanowell plates was 

analogous to the process described in Chapter 2. Well arrangement was optimized to fit the field 

of view of the camera: Hamamatsu ImageEM EM-CCD sensor has 512 x 512 pixels with 16um 

pixels, and was imaged with 10x, 0.3NA objective (Zeiss) and 0.63x de-magnifying lens. As 

such, the total field of view was 512 * 16 um / (0.63 * 10) ~ 1300 um wide, imaged at 16 um / 6.3 

~ 2.54 um/pixel; the Abbe diffraction limit at 500 nm is 0.61 * 0.5 um / 0.3 ~ 1um, that is less 

than the pixel resolution. Each block of wells was then designed to have 21 x 21 of 50 um square 

wells 10 um separation for a total of (20 * 60 um + 50 um) = 1250 um across, leaving ~ 50 um 

for the boundary between blocks. Lateral variation in center positions of the blocks (due to 

imperfect calibration or positioning of the stage) was estimated from previous arrays to be within 

this value (Figure 30). 

The upper part with macrowells was designed in Autodesk Inventor 2014 based on 

official specifications for SBS format [69] and was optimized for draft angles and thicknesses 

with the help of web-based Protomold ProtoQuote system to be compatible with injection 

molding. 24-well pattern was chosen to match the arrangement of magnets in MagSweeper, an 

alternative CTC enrichment device described in [85]. 

Prototyping of the upper part was initially performed using Stratasys Dimension 1200es 

3D printer located at the Laboratory for Engineering Materials (LEM) of the Department of 

Materials Science and Engineering (DMSE) at MIT. After optimization of dimensions, further 

prototypes were fabricated in acrylonitrile butadiene styrene (ABS) with stereolithography (SLA) 

at Quickparts.com Inc. 

Masters for the bottom parts were microfabricated with anisotropic etching of Si in 

analogy with the process described in Chapter 2. Alternatively, DRIE of Si wafers was performed 

at the same facilities (Figure 22). Briefly, wafers were treated in HMDS oven, recipe 5 for 15 
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min. Using Solitec Inc. model 5110 manual photoresist coater, AZ 4620 was dispensed at 1000 

rpm for 15 sec and spread at 1500 rpm for 60 sec for ~10 um thickness. After a pre-bake at 95C 

for 45 min, the photoresist was exposed for 15 sec in EV620 mask aligner (no precision 

alignment was necessary), developed in AZ 405, and post-baked at 95C for 30 min (lower 

temperature was required to prevent degradation of this photoresist). Si was then etched with a 

standard recipe (corresponding to ~1 um/min rate) in a Surface Technology Systems (STS) 

Inductively Coupled Plasma (ICP) deep trench etching system down to ~20 um depth. Resist was 

stripped in System One Matrix 106 plasma asher. Additionally, after a piranha clean, C4F8 

(Teflon) passivation layer could be deposited in the same STS tool to ease up subsequent molding 

from the master. Finally, the wafers were trimmed to fit the upper part using Disco Abrasive 

System Model DAD-2H/6T die saw. 

Characterization of morphology of the microfabricated masters was performed in 

secondary electron mode at ~20 kV (since Si is conductive) on JEOL 6010LA general-purpose 

SEM at the ISN, as its chamber was large enough to accommodate SBS format. 

Soft embossing of bottom parts in COP 1430R (or similar COC/COP material) was 

performed by Edge Embossing LLC from either master with the use of an intermediate 

elastomeric mold. The upper parts were provided to the same vendor for subsequent gluing to the 

bottom parts. 

The magnetic plate (MagPlate) for CTC enrichment was designed to fit the dimensions of 

the nanowell plate and was prototyped with the same tools as the upper part (Figure 31). Ultra-

high pull strength neodymium magnets (McMaster) were glued to the SLA-prototyped plate with 

Hardman 13230A/B-SY high-peel strength epoxy, same pole down. 
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Figure 31. Magnetic plate (MagPlate) for CTC enrichment. 

Spiking studies for direct enrichment of CTCs from blood were carried out as follows. 4 

vials of 5mL healthy donor blood (Research Blood Components) were each mixed with 50 mL of 

1x Pharm Lyse (BD Biosciences) and incubated at RT for 15 min. Lysed blood was then spun at 

200g for 5 min at 4C.  After removal of supernatant, each leukocyte pellet was resuspended in 

400 uL of HBSS. 450 uL of each suspension was then combined with others, and the total volume 

was brought to 2000 uL; this volume represented all PBMCs from the initial 20 mL of blood, as 

could be confirmed by counting. LNCaP cells (ATCC), while adhered as grown, were stained 

with 1:1000 Calcein AM in media (DMEM + 10% FBS) at 37C for 15 min, washed with 1 mL of 

Hank’s Balanced Salt Solution (HBSS), trypsinized and resuspended in media to ~1700 cells/mL. 

50 uL of this suspension was imaged in FITC channel on Zeiss AxioObserver Z1; the images 

were stitched, and cells were counted. Alternatively, 50 uL of this suspension (containing an 

estimated equal number of cells) was spiked into each of 100, 100, 500 and 1000 uL of PBMC 
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suspension described above to represent 1, 1, 5 and 10 mL of RBC-lysed blood containing CTCs. 

Each sample was incubated with 2 uL of CELLection Epithelial Enrich Dynabeads (Life 

Technologies) on a tube rotator at 4C for 30 min, and then with 15 uL of Alexa647-anti-CD45 

and 15 uL of PECy7-anti-EpCAM for another 20 min. Nanowell plates were covered with 

Microseal ‘B’ Adhesive Seal (Bio-Rad), and small holes were poked in the film above all 

macrowells to prevent popping in the vacuum chamber of the plasma cleaner during the next step; 

the film above wells to be used was cut out. After plasma-treatment of wells for 5 min, 1 mL of 

1:10 10x PBS : Percoll (GE Life Sciences) was loaded in each of 4 macrowells, and 1 mL of each 

sample from above was gently layered on top of respective wells. The beads (with or without 

LNCaPs) were allowed to settle for 15 min by gravity and then put on MagPlate at RT for another 

10 min (if put on the magnets immediately, beads pulled a lot of WBCs with them as well). Cells 

were then imaged on Axio Observer Z1 in DAPI, FITC, PE/Cy7 and 647 channels and manually 

counted from the resultant images (for better accuracy), using Enumerator for visualization. To 

estimate time required for settling by gravity, time-lapse experiments were set up over a period of 

2 h, and later visualized as movies; most beads (with or without cells) were observed to settle (i.e. 

travel the full thickness of Percoll) within ~50 min (Figure 32). However, once the beads and 

bead-cell conjugates propagated into the upper layer of Percoll, they could be pulled with the 

magnet to speed up settling times while avoiding pulling any WBCs with them. 

For comparison of cell recovery rates between SBS format nanowells and an old chip 

design (10 x 10 blocks of 21 x 21 wells – 100 positions and 44100 wells in total, compared to 72 

x 24 blocks of 7 x 7 wells – 1728 positions and 84672 wells in total), we loaded 100 uL of fixed 

LNCaP cells stained with CellSearch Epithelial Cell Kit (Janssen Diagnostics) at ~15000 

cells/mL on each array, along with wells of a 96-well plate, in replicates of 3 (Figure 27a). Cells 

in the 96-well plate were counted manually for better accuracy; to simulate a real-case scenario, 

cells on arrays were identified and counted with a semi-automated ImageJ-based processing 

routine, while well locations were defined by Enumerator. The recovery rates from arrays relative 
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to counts from the 96-well plate are shown in Figure 27b. 

Immunophenotyping experiments were set up for both the new and the old design by 

Dr. Todd Gierahn (MIT) as described in [84]. 

 

Figure 32. Process of gravity-based settling of cells loaded with beads through the layer of Percoll. 
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4. Conclusion 

4.1  Summary 

 Single-cell analysis is a burgeoning field of research that studies characteristics of 

individual cells in a given population. Traditional methods in molecular biology determine only 

an “average” behavior, masking contributions coming from the individual players. Many 

important areas concerning human health, such as immunology and cancer biology, deal with 

highly heterogeneous populations where these contributions cannot be ignored. 

 Here we developed two methods of analysis to resolve this heterogeneity and uncover 

characteristics of individual cells. Building on advances in microfabrication over the last decades, 

we have implemented arrays of microscopic wells to isolate and interrogate single cells, while 

preserving their identity and possibility of integration of several types of analysis. We have also 

demonstrated the utility of these arrays for potential clinical applications. 

 The first platform complements fluorescence-based cytometry with a label-free method 

of detection of small molecules, such as lipids and metabolites, relying on MALDI mass 

spectrometry. We first sought to use an existing PDMS-based array to isolate and image many 

individual cells and then transfer them in parallel to a conductive substrate required for MALDI. 

Although we had partial success with this procedure, even with “release” coatings the rates of 

transfer were suboptimal, and the registration pattern of cells was lost. To facilitate imaging of 

cells directly on a chip, we produced a hard plastic array of microwells with a semi-transparent 

conductive coating. This device demonstrated degraded MALDI signal that we attributed to poor 

sidewall coverage in the wells, as well as possible ablation of the plastic material and its 

outgassing in the instrument. We finally fabricated microwell arrays with anisotropic etching of 

Si, which (after coating with a conductive layer) provided an adequate substrate for MALDI and 

allowed us to proceed with further analysis. To increase sensitivity of the technique, we also used 

an in-house matrix sublimation apparatus for sample preparation. To relate the acquired mass 
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spectrometric and fluorescence signals for every cell, we developed a registration procedure 

relying on the precise geometry of the chip and its compound image from a microscope. Finally, 

we detected phospholipid signatures of two cancer cell lines, as well as a change in the 

phospholipid profile of one of them in response to a lipid kinase inhibitor. 

 The second platform is an improvement over the existing PDMS-based microwell (here 

referred to as “nanowell”) arrays for phenotypic analysis of single cells. We sought to standardize 

the nanowell array format to provide compatibility with the automated equipment designed for 

use with the SBS plate form-factor, as well as to expand the number of samples independently 

processed on each device and increase the efficiency in image acquisition for each sample. We 

fabricated prototypes of the nanowell plates with two matching pieces: a macrowell plate for 

compartmentalization of samples, and a grid of nanowell arrays for isolation, interrogation and 

recovery of individual cells. Each part was fabricated with materials and methods most suited for 

the replication of its features at their characteristic scale. We applied the new plates to the 

analysis of rare circulating tumor cells (CTCs) found in the blood of metastatic patients. We also 

developed an on-chip density-assisted immunomagnetic method for enrichment of these cells. 

The new platform demonstrated high rates of recovery of CTCs that were comparable to the old 

platform but considerably more efficient with regards to imaging and analysis.  The new plates 

also proved useful for high-content immunophenotyping of leukocytes from small mucosal and 

blood samples. We applied previously developed multi-spectral image cytometry (MuSIC) to the 

analysis of these samples and demonstrated a much-improved efficiency in sample processing. 

The main advantages of these platforms over the more traditional single-cell analysis 

tools such as polychromatic flow cytometry and (more recently) CyTOF, are modularity and 

overall simplicity, as well as potential for processing of small clinical samples. While regular 

tools often lose track of individual cells in the course of analysis and require substantial numbers 

of cells not readily found in limited clinical samples, our approach allows to identify and analyze 

single cells and their responses to uniformly applied perturbations from small (epi-)genetically 
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heterogeneous populations. We can also preserve viability and recover individual cells when 

using a fluorescence-only pipeline, or obtain the lipid or metabolic profile of each cell as an end-

point assay that, unlike CyTOF, doesn’t involve the need for expensive isotope tags, and may 

potentially be universally extended to other types of molecules. Finally, our approach could be 

valuable for studying interactions between multiple cells per well in a more direct way than in 

flow cytometry [2]. 

 

4.2  Perspectives 

Despite the advantages described above, the current iterations of our platforms have a 

number of limitations. For MALDI analysis, we used a non-transparent material (Si) that 

confounds image-guided processing and analysis of cells. This problem can be solved with the 

development of a glass-based backend for the microwells, but requires a more involved process 

that increases the cost of production. In addition, current devices are not reusable, which also 

affects their cost; we could tweak the fabrication process (e.g. switch the gold coating for a 

highly-doped surface layer in Si) to make them compatible with piranha cleaning protocol. 

Another issue is inherently low sensitivity of the MALDI instruments that limits detection to only 

the most abundant molecules; we can reasonably expect an improvement in this direction with 

better instruments in the future. 

Despite our expectation that the rates of recovery of cells with the old chip design would 

be substantially lower than with densely packed wells in the new plates, they proved to be similar. 

This observation suggests that nanowells by themselves are very effective at isolating individual 

cells from suspension; as such, density of wells does not necessarily relate to rates of recovery. 

However, the same amount of cells could be processed on a smaller area of the chip the closer the 

wells are, thus improving overall efficiency in sample processing. We could also help retain more 

cells in the wells if we made them deeper. Unfortunately, increasing the aspect ratio of 
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microscopic features is not always feasible from the fabrication point of view. For processes 

relying on molding, taller posts on the master increase the area of contact with the substrate, 

which complicates unmolding due to additional friction; they may also deform if the process 

involves an elastomeric master. In photolithographic processes for the production of masters or 

devices (such as those relying on SU-8), greater thicknesses lead to less uniform photoresist 

coatings and prolong development times, which may also lead to feature distortion. Nevertheless, 

optimization of sizes of wells to increase the efficiency of loading of single cells is possible [6], 

whereas stochastic loading may be beneficial for studying cell interactions. One could also 

prevent cell migration from the wells while preserving cell viability by sealing the array with a 

semi-permeable membrane; unlike for actively actuated microfluidic perfusion systems, this 

approach would not substantially increase the complexity of our assays, although it would require 

the use of a limited number of biocompatible chemistries. 

We also anticipate integration of our platform with the microengraving process. As 

discussed in more detail in Chapter 3, this would substantially improve the utility of our assays, 

but most likely necessitate the development of a soft reciprocal surface and a variation in the 

geometry of the plates. For instance, we could envision a modular device resembling a printing 

press that would be assembled for compartmentalization of samples and microengraving and later 

“released” to separately scan individual arrays and their imprints. Large-scale production of these 

devices could ultimately be achieved with injection molding; we intentionally omitted a 

discussion of this method due to its high costs that extend beyond the capacities of an academic 

lab. Alternatively, one could fabricate microwell arrays in a photocurable elastomer patterned on 

glass; one of the most promising commercial rapid microproduct development (RPMD) 

technologies for this purpose is available from microTEC GmbH [86]. This approach could also 

incorporate ITO-coated glass substrates for MALDI, although its compatibility with laser ablation 

remains to be confirmed. 

We also omitted the more advanced downstream steps in single cell analysis, including 
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picking of individual cells and whole-genome or whole-exome sequencing (WGS/WES) [76]. 

Manipulation of single cells is a nontrivial process often performed manually with a micropipette 

or using dedicated automated precision instruments [81]. Scarce availability and associated cost 

of the latter poses an ultimate limit on the throughput of any analytical pipeline that involves 

transfer of individual cells; further improvements in this direction will clearly be required. WES 

is another involved process that follows many preparatory steps that could easily be affected by 

an operator error; further improvement of its pipeline will require automation of individual steps 

and development of information handling systems. Another bottleneck area is image analysis; 

reliable identification of cells of interest in a high-throughput manner will necessitate the use of 

advanced image processing and pattern recognition algorithms, perhaps involving machine-

learning techniques to reduce human participation. 

Ultimately, we would like to free up the researcher as much as possible from mundane 

steps prone to the human error, and allow them to focus on more complicated tasks such as data 

interpretation. The ability to effortlessly and inexpensively gather and integrate meaningful high-

content datasets at the single-cell level will provide invaluable insights into human clinical 

research. This will facilitate the transition from exploratory biology involving “averages” and 

generalized principles to a more personalized approach tailored to the diagnosis and treatment of 

each individual patient. 
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