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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. /n 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



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 (>10°-10%) [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 (LTAS) 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
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(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 fools
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 ~10° 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 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 AnchorChip™ [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.
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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
® = 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 10* 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 (LCP),
which is a soft-lithographic technique to “print” molecules from the raised features of the stamp
to the substrate. While pCP 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 puCP 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, uCP 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
Smg/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% In,0s, 10% SnO, 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/cm” 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, o ~ 10* cm™ for ITO [48] or a ~ 6x10° cm™ 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
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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.

32



1 ..»

F==_ IIIIIIIIII!,IIIIIIIIII =I

T

ot f
T

i
g i
8

g%%%____

Registration mark

Caption

Border

Calibration area

Cut line

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 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.

Reflections

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 ImagelJ 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 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
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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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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 10"°~10%° cm™ [59], corresponding to resistivities of 107107
Ohmecm [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 SF¢ plasma in Lam
Research Model 490B. The photoresist was stripped with piranha solution, a 1:3 mixture of 30%
hydrogen peroxide (H,0O,) to concentrated sulfuric acid (H,SO4) (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 UVES 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 a-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/lmage] 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 Imagel 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

50



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.
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Figure 19. Detection of phospholipids from NIH3T3 cells. spectrum corresponds to wells with cells,
gray — empty wells (as detected by fluorescence). Figure courtesy of Dr. David Calligaris, BWH
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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 (10° — 107 at up to 10* 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 (10* — 10°) 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 ~10° 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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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 ~35° (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.

Clinical sample l
l Imaging cytometry
Cell labelling l
l Image processing
Cell loading l
l Cell transfer

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 inhe