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Abstract: ‘ ’

Patterned surfacgs can enhance the sensitivity of laser desorption ionization mass spectrometry by
segregatingfandfcoficentrating analytes, but their fabrication can be challenging. Here, we describe a
t

simple met
sensitive rometry measurements compared to flat surfaces. The wells can also concentrate
and localize cells alid beads for cell-based assays.

1. Introduc

Matrix assiSte desorption ionization (MALDI) is a form of soft-ionization mass spectrometry
(MS) com d in biological research for proteomics and metabolomics!' . The ability to

rapidly iple samples in parallel without auto-feeders makes it suited to high-throughput
and single* lications'* ®!. Key to the method are the matrices or engineered substrates that
facilitate the ion of ionic species using energy from a laser I"*!. The properties of the

substra

bricate substrates patterned with micron-scale wells that yield more accurate and

their chemistry, conductivity, and micropatterning impact sample ionization
efficiency and, thus, measurement sensitivity™ . For example, micron-scale wells are useful for
segregatiniiamples of distinct composition so they can be separately analyzed!'>'*. Well arrays are

also comp ith active!">'% or passive loading techniques''>'”, to simplify preparation of samples
for analysis. Heamever, MALDI-MS requires samples be dried prior to analysis. When droplets are
dried on flz , they tend to distribute their analytes about the perimeter due to the coffee ring
effect!'™"”, processes occur in cylindrical wells, leading to precipitation along the

periphery! signal is inhibited due to laser occlusion by the walls. The result in both cases is
lowered sefisitivity and increased measurement variability due to inhomogeneity of the sample spots

[18,22]

T

Bowl-shaped wellghwith curved bases are advantageous because, upon drying, precipitated analytes

concentrate at the center in a more uniform fashion'!, where they are efficiently ionized**. These
wells, how e difficult to fabricate, requiring micromachining, subtractive etching methods,
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2228 Additive fabrication approaches are

superior because they use photolithographic techniques that are simple, inexpensive, and ubiquitous.
However, photolithographic fabrication of wells with controlled curvature is challenging, requiring

embossing of plastics or specialized deposition methods"

comple ens systems to modulate light intensity with micron resolution across the
array>>", sequently, simpler but inferior methods with stamping or backfilling of sharp features
pre common, even though they are tedious and provide limited control®' %, A
superior appréaehsm@uld use simple photolithographic techniques without sacrificing control over
well shape andsenmature.

L

In this pap‘, we d?cribe a simple method to photolithographically fabricate wells with controlled
curvature in ®This photoresist has several properties useful for mass spectrometry, including
chemical r , precision control of surface features, and scalable fabrication. Using the
approach, mte curved-bottom wells at a density of 100,000 per square centimeter on a glass
slide. To d%e the utility of these wells, we show they yield enhanced sensitivity in microscale

mass spectrometryfgompared to cylindrical wells. Several approaches, such as the AnchorChip™*! and

the uFocus use surface rather than physical modification to control drying and enhance
MALDIM not achieve the sample density of our microbowls, thereby limiting throughput.
Additionally, we show that the curved profiles generate a gravity well that efficiently aggregates cells.
The simpli ontrol of our approach should make it valuable for single and multi-cell MALDI-

MS and fomling cells in organoid, embryoid, and cell-cell interaction studies.

2. Results and discussion

2.1 Micro ith controlled curvature

1

SU-8 is cogfposcdqf bisphenol epoxy resin and the dissolved salt of the photoinitiator

triarylsulfo % cafluoroantimonate. Upon exposure to ultraviolet (UV) light (Figure 1a), the
photoinitiator degrades into hexafluoroantimonic acid, which protonates the bisphenol epoxides such
that, w@ey crosslink into a durable polymeric material®’**. The final structure of the
crossli thus depends on the concentration of activated hexafluoroantimonic acid in the
SU-8. Sincl this a’d is a dissolved small molecule, it can diffuse post-exposure into unexposed
regions, crosslinking them, and thereby allowing transformation of wells with vertical walls and flat

bases into sloped walls and curved bases (Figure 1b). Because the final shape depends on
the diffusi of the acid, it can be controlled by the time and temperature over which the

substrate is incubated prior to solvent development, which removes the uncrosslinked SU-8 and halts
fabricati re 2a and b).
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accordingl:

To inveWwe vary the time and temperature of the post-exposure bake (PEB) and thickness
of the SU- d measure the resultant well profiles. When we fix temperature at 155 °C and
vary the thickness Bf the SU-8 layer, the well depth follows a log-time relationship (Figure 2c,

upper). Alt , when we fix thickness to 55 um and change temperature, the slope changes,
indicatir&}% liquifies above a threshold temperature. At 95°C (yellow crosses and fit line),
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the wells do not change appreciably over the PEB, indicating that the SU-8 remains solid and
diffusion of the photoacid is minimal; this is the PEB temperature recommended by the manufacturer
to maintain sharp features. By contrast, when we increase PEB temperature to 125°C (green circles
and fit IH, the wells become rounded, with the change occurring faster at higher

temperature taampat lower (Figure 2¢, lower, orange and green). Moreover, because microbowl depth
depends o @ re and PEB time, which can be finely tuned and kept constant across the

substrate, t Is are uniform in shape and depth (Supplementary Figure 1).
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Figure M and validation of relationships between the profile of the microwells with PEB

time. a. Pr e microwell changes with PEB time. At time zero, few photo initiators diffuse
into the unexposediinicrowell and the profile of the microwell is still close to cylinder shape. At time

infinity, as centration of photo initiators in the unexposed microwell reaches the exposed part
of the SU § profile of the microwell will be a shallow curve with large curvature. b.
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COMSOL simulation result based on Fick’s diffusion law. ¢. Experiment validation of the proposed
theory based on the diffusion of photo initiators. Top graph shows the depth of the microwell versus
PEB time when PEB temperature is set to be 155 °C. Blue diamonds and orange squares are
measure“ the microwells when the SU 8 layer is 125 pm and 55 pm respectively. Bottom
graph show e depth of the microwell changes with PEB time when the thickness of SU 8 layer
is fixed to ﬁ@)w cross, green dots, and orange squares are measurements from the
microwells PEB temperature 95°C, 125°C and 155°C respectively. Error bars show the
standardad aviatiommo { {ive measurements. All scale bars are 50 pm and fit lines natural logarithms.

Because th@ dryingipattern of samples can influence the signal sensitivity and variation of MALDI
MS, we inv
drying and
containing

cr

how the morphology of the surface and the shape of the microwells influences
tant analyte deposition. Using an inkjet printer, we print arrays of water droplets
rescent polystyrene beads (0.05% w/v) onto an SU-8 substrate patterned with
microbowl indrical microwells, or as a flat surface (Methods, Figure 3a). The 500 pL droplets

S

dry within 10 minSjat room temperature, leaving behind the beads. To characterize the drying

behavior, re the final displacement of the beads from the printed droplet’s center (Figure
3b, Supple Figure 2). For the flat surface, the beads tend to deposit at the periphery of the
original dr@plets likely due to the coffee ring effect (Figure 3a iii, Video S1). For cylindrical wells,
the beads t
the beads t osit at the center, indicating suppression of the coffee ring effect’®” (Figure 3a i,
Video S3).\{h eneficial because deposition at the periphery tends to dilute analyte concentration,

ale

o deposit at the periphery (Figure 3a ii, Video S2). By contrast, for microbowls,

4

reducing signal Thtensity and interfering with reproducible laser scanning since the precipitated
analyte
the center, an imally concentrated.

es from well to well®. By contrast, with microbowls, the analytes are always at

Author M
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Figure 3 Dryin erns of microbeads on substrates with different morphology. a, Droplets

contain crobeads are inkjet printed on three types of substrate: i, microbowls, ii, cylindrical
wells and 111, flat surface from left top to bottom. Right panels show the distribution of microbeads
after drying. b, Average displacement of microbeads after drying to the center of the droplet original
printed droglet. Scale bars are 100 pm. Error bars are standard deviations of ten measurements.

[

O

An importa ation of wells with controlled curvature is microscale mass spectrometry (uMS), a
technique i igh-density analysis of thousands of samples in parallel. In the technique,

samples ar@confined in wells where they can be energized with the ionizing laser of MALDI MS. The

h

curvatu Is is important because MALDI MS requires that the samples be desiccated prior
to deposwrix. Microbowls tend to precipitate analytes at the center, localizing and
concentrati in a laser-accessible region. The result is higher sensitivity and reduced

measurement errorffgompared to cylindrical wells. To illustrate this, we fabricate ten thousand
microbowl conductive glass substrate. To load the wells, we use a commercial droplet
dispenser (fo uous reagents), or printed droplet microfluidics (PDM, for suspensions), which

Al
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overcomes Poisson loading (Methods), although other picoliter dispensers are applicable!***!). We
fabricate the wells with a depth of 15.1 pm = 2.3 pm (Supplementary Figure 1) to allow MALDI-
MS analysis which has specific requirements on sample depth. The microbowls are compatible with
standar S prepared by desiccating the samples on the surface, then spray coating with
matrix (Metheds) "' We add the matrix after droplet printing, because the requisite solvent is
incompatir droplets; however, matrix can also be added with oil compatible printers.*”
We load theswel8swi#il rows of droplets (100 um in diameter) containing 0, 10, 100 and 500 ng/mL
naringefin immRimwater, respectively (Figure 4a). After printing, we place the sample in a desiccator
to dry (FigWire 4b). We mount the dried substrate onto the requisite MALDI-MS imaging adapter,
coat with d analyze with the instrument (Figure 4b, ¢ and d, Methods). For comparison, we
repeat this gtocessHor the flat surfaces and cylindrical wells (Figure 4¢ and d). Comparison of the
substrates 1 cence mode shows that while microbowls precipitate analytes at the center and
distribute matrixgevenly across the whole well, cylindrical wells distribute them on the perimeter and
matrix forrils rtahdgin patterns on the flat surface (Figures 4b and ¢). We determine the limits of
quantificatiof (L8Q)*" of naringenin are 34.98 ng/mL, 55.59 ng/mL and 228.79 ng/mL for
microbowls} face and cylindrical wells, respectively (Figure 4e, Supplementary Figure 3 and
Method). ¢ analyte is distributed over a larger area in cylindrical wells, it is diluted while
also being less accessible to the matrix and laser, resulting in lowered and noisier signals compared to
microbowl§f For the flat surface, due to the coffee ring effect, analytes also distribute unevenly. In

addition, i s to dry unevenly due to the lack of pinning features, resulting in significantly
noisier and signals compared to microbowls (Figure 4e, Supplementary Figure 3). The
mass spect ¢ naked substrate coated with matrix has a peak that overlaps with that of
naringenin, ¥es in a nonzero background for the 0 ng/mL naringenin droplets. The amplitude of
this peakuisssii smaller for microbowls than flat surfaces (Figure 4e), likely due to the more even

rix in the microbowls and their distinct laser-surface geometry, which can affect

#5401 To characterize the impact of microbowl depth, we repeat these

ionized plu ation!
ifferent depth (15-pum and 50-um) and find that shallower wells yield enhanced
signal (Supplementary Figure 4). This is likely due to the dependence of the MALDI signal on

sample loc!ion, which must be matched with the focal plane of the ionizing laser (Methods).

to quantify tridcetic acid lactone (TAL) and two small peptides and observe similar enhancements

To determi er these properties extend to the detection of other molecules, we use microbowls

(Supplemetary Figure 5, Methods). Thus, due to their even distribution of matrix and analyte
concentgati , microbowls yield increased and more uniform signals than other common

substrate ﬁimetri'.

U
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Figure 4 Microbowls concentrate analytes, enhancing MS signal. a, Droplets containing different
concentrations of naringenin are printed on substrates with different morphology. After the droplets
are dried at room temperature, matrix solutions are applied. Inset shows an array of microbowls
printed H&nt concentrations of naringenin. Scale bar is 1 mm. b, Combined image of
iemand GFP epifluorescence channels of a dried droplet in a microbowl before (left two
atrix coating (right two images). Scale bars are 100 um. ¢, Printed substrates after
spray-coatingNefEM@atEX, with transillumination and GFP epifluorescence images of the flat surface
(light red),mmiesebowls (light yellow) and cylindrical wells (light blue). Scale bars are 300 pm. d,
Illustrationg‘ of ionizing laser and substrate geometry. e, Sums of naringenin peak amplitude in MS
signal for ce, microbowls, and cylindrical wells. Error bars show the standard deviation of

six sample

Mass spec toygallows label-free quantitation of a broad range of analytes, making it ideal for
characterizhﬂies of unknown composition. An especially important area in which this is useful

SC

is the analysis of microbes engineered to express exogenous metabolisms, including for biocircuitry

and biopro duets ibraries of microbes engineered to express millions of exogenous pathways can
be efficient ted with genetic methods, but testing each variant for the phenotype of interest is
laborious, fgquiring isolation, cultivation, and analysis in separate wells of microtiter plates. uMS is a
significant because it allows parallel analysis of tens of thousands of variants per square
centimeter fPate, reducing the scanning time and volume of reagents consumed. Key to such

screens is agcuga characterizing the metabolisms of the variants, which requires an accurate and

such microbial screens. To illustrate this, we use the approach to analyze two
red to produced naringenin, a chemical that has been shown to have a range of

nt material for uMS analysis, we pre-culture the strains in microfluidic droplets,
generating colonies comprising thousands of genetically identical cells (Figure 5a, Steps 1 and 2). To
induce proﬁction of naringenin, introducing medium is added to the culture droplets by merger,
which has er required to activate compound production (Method). The colonies are cultured
for another,
is loaded

Before being dispensed to the microbowls using PDM. PDM ensures that every well
olony and to pattern them on the substrate so that we can directly compare the
production of fiaringenin for the two strains (Figure 5b). The substrate is then processed through
uMS usingffhe standard workflow, removing the printing oil, drying the samples in a desiccator,
applyin ix, and scanning (Figure 5a Step 5, and 5¢). By eye there is a clear difference
between thg two stgains according to the printing grid (Figure Sc). To quantify this difference, we
measuremly distribution for the centers of the wells, finding that, indeed, the high producer is
more effici king this molecule than the low producer (Figure 5d). Using recently described
approaches, cells with desired properties can be recovered from the array and sequenced!'?.
Additionally, we onstrate differentiation of yeast strains engineered to produce varying levels of
TAL, wh

oculturing those two strains of yeast in droplets we also have verified there is no

This article is protected by copyright. All rights reserved.
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cross-contamination of TAL(Supplementary Figure 6). These results show that uMS with
microbowls can sensitively quantify the bioproduction of exogenous molecules in a label-free fashion
appropriate for high throughput screening.

O
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Figure 5 Microsc% mass spectrometry measurement of two yeast strains engineered to produce
different a f naringenin. The two strains are prepared and printed separately using the same
protocol. a, > genes of interest are integrated into yeast, which are individually encapsulated in
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droplets containing culture medium. Inset shows a droplet containing a single yeast cell. Scale bar is
40 um. Step 2, droplets are incubated to form isogenic microcolonies. Inset shows droplets containing
the yeast microcolonies. Scale bar is 200 pm. Step 3, after incubation, each droplet is merged with
another Ht containing culture medium that is suitable for Naringenin production (pathway
expression ingdmeine medium). Left inset shows the media droplets with scale bar 100 pm. Right inset
shows the . oplets with scale bar 200 pm. Step 4, droplets containing isogenic microcolonies
of yeast ardipEineduia®e microbowls at defined positions. Inset shows a droplet within a microbowl
immediateymafitemprinting, with scale bar equals 100 um. Step 5, after matrix is sprayed, MALDI MS
ion imaginai's performed. Inset shows a dried droplet containing a microcolony in a microwell, with

scale bar 1 . D, Bright-field transillumination image showing layout of printed strains within the
microbowl@rray. Skale bar is 1 mm. ¢, MALDI MS ion image shows the MS signal for naringenin.
Scale bar i , Violin plot compares the MS signal of Naringenin from microwells printed with

samples. ~ fPopllafions are significantly different (p < 0.001).

2.2 Microt:wiently aggregate cells for interaction studies

Interactionf8tudies are essential for characterizing cooperative phenotypes between cells, which are
important i geations like T cell killing of cancer cells and cultivation of wild microbes.

Performindies requires that the interacting cells be brought together and monitored.
e

high produmloow producers, respectively. Error bars show the standard deviation of 200

Common cylin wells are poorly suited to this, because the flat bottoms do not force cells
together, w gV ertical walls occlude visualization near the edges. Microbowls afford an effective
alternati i

ing a gravity well that draws cells to the center where they are visible. To
demonstra ility of microwells for cell interaction studies, we use them to observe interactions
between ki Is (NK92) and cancer cells (K562). We load the cells in the wells randomly by
average of one cell per well, yielding ~36% of wells containing one of each cell
type. For comparison, we repeat the process with cylindrical wells. As expected, we find that cells in
microbowlgreliably contact at the centers, where they interact and are easily imaged (Figure 6¢ and
d, NK92 cLbeled green and K562 cells are labeled red). By contrast, with cylindrical wells,
the cells are mly distributed and do not reliably interact (Figure 6f and g). Consequently, while
we observe @ illing of K562 cells in microbowls, we do not in cylinders (Figure 6e and 6h).
These resul onstrate that microbowls ensure cell contact in interaction assays, which can impact

observatio
microbowl

ulturing cells in microbowls, we also have tested single cell MS using
Supplementary figure 7). However, in order to keep the right osmosis pressure for the
cells durin rinting, we have to use PBS solution to encapsulate the single cell but the high
salt con oduces a significant background noise, which prevents the detection of the signals
from the si We expect that with the built-in HPLC function in the DESI MS instrument, it
should be solved iSIhe future.

<C
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Figure raction study with microbowls and cylinders. Killer T cells (NK92) and cancer
cells ( ded in wells with random sedimentation; upon contact, the killer T cells induce
apoptosis of the cancer cells. a, Deep microbowls with high curvature gravitationally position the
cells at the Qottom, where they contact, and the T cells reliably induce apoptosis of the cancer cells. b,
By contrahttom cylindrical wells lack gravitational positioning and, thus, the cells tend to
distribute rapdemaly in the wells, often not contacting or interacting; consequently, cancer cell killing
is not reliab served. ¢, d, and e show the transillumination image, combined GFP and RFP

epifluoresce ages, and Cy5 epifluorescence image of the microbowls showing NK92, K562 and
died cells stai ith Calcein red-orange, Calcein green and 7AAD dyes respectively (Method).
Similarly, f§g, and h show similar images for the cylindrical wells. All scale bars are 100 um.

{

3. Conclu

U

A
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We describe a simple and controlled method to fabricate microbowl arrays. Our approach generates
bowls with a range of shapes, sizes, and vertical profiles by controlling post-exposure bake time and
temperature. The microbowls are useful for numerous applications, especially for enhancing the
sensitivi“cale mass spectrometry. In addition, the wells can be loaded via active printing or
passive Laplagesguidance techniques''>'”*" automating preparation of thousands of samples for
analysis. T @ grid is compatible with spatial indexing to allow integration of imaging, pMS,
and sequenoiigniSSSimph e sensitivity enhancement of pMS achieved with microbowls is useful for
charactesizimgmemgineered metabolisms for biocircuits and biomolecule production. These screens can

be used to Stimize pathways or enzymes to enhance production of target analytes, or detect novel

products th tabolic biosensing'**~". In addition, as we have shown, they provide a gravity
well by w to Dfing cells into contact to ensure interaction, which is important for functional
screens of ells that comprise cell therapies. When combined with printed droplet
microfluidi well can be loaded with an exact number of different cell types, allowing tens of
thousands m\ion studies per square centimeter of slide. Similar methods are useful for
aggregating cells'ot different types into seeds that can form spheroids, organoids, and embryoids, but
with highe y and control compared to existing techniques. Thus, while simple, microbowls
provide a v latform for studies involving the functional and multiomic analysis of single cells

and multi-cell consortia.
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Patterned s @ an enhance the sensitivity of laser desorption ionization mass spectrometry by
segregatingiafi@igoneentrating analytes, but their fabrication can be challenging. In this paper, a
simple fictlio@eNabricate substrates patterned with micron-scale wells that yield more accurate and

sensitive s spectrometry measurements compared to flat surface or cylindrical wells. The wells
can also concentrate and localize cells and beads for cell-based assays.
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