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Live single cell imaging assays in glass microwells
produced by laser-induced deep etchingf

Niklas Sandstrom, @ *2 Ludwig Brandt, @®2 patrick A. Sandoz, ©2 Chiara Zambarda,?
Karolin Guldevall,” Malte Schulz-Ruhtenberg,” Bernd Résener,”
Robin A. Kriiger® and Bjorn Onfelt & *a°

Miniaturization of cell culture substrates enables controlled analysis of living cells in confined micro-scale
environments. This is particularly suitable for imaging individual cells over time, as they can be monitored
without escaping the imaging field-of-view (FoV). Glass materials are ideal for most microscopy
applications. However, with current methods used in life sciences, glass microfabrication is limited in terms
of either freedom of design, quality, or throughput. In this work, we introduce laser-induced deep etching
(LIDE) as a method for producing glass microwell arrays for live single cell imaging assays. We demonstrate
novel microwell arrays with deep, high-aspect ratio wells that have rounded, dimpled or flat bottom
profiles in either single-layer or double-layer glass chips. The microwells are evaluated for microscopy-
based analysis of long-term cell culture, clonal expansion, laterally organized cell seeding, subcellular
mechanics during migration and immune cell cytotoxicity assays of both adherent and suspension cells. It
is shown that all types of microwells can support viable cell cultures and imaging with single cell resolution,
and we highlight specific benefits of each microwell design for different applications. We believe that high-
quality glass microwell arrays enabled by LIDE provide a great option for high-content and high-resolution

rsc.li/loc

1. Introduction

Single cell biology has gained enormous interest and traction
in the last decade, enabled by strong developments in
different disciplines of engineering, biotechnology, and
bioinformatics. Assays for single cells allow a differentiated
insight into cell populations compared to traditional bulk
experiments, which only provide averaged data.’ Live cell,
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profile measurements of a dimpled U-well. S2. Figure of A498 cell proliferation
on flat vs. dimpled glass surfaces. S3. Movie of A498 cell proliferation on flat vs.
dimpled glass surfaces. S4. Movie of A498 cell culture in a dimpled U-well with
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with the formation of actin puncta on dimple ridges. S7. Movie of cytotoxicity
assay with NK cells killing K562 cells in a U-well. S8. Movie of a 3D
reconstruction of confocal z-stack images of NK cells + K562 cells in a U-well.
S9. Movie of a cytotoxicity assay with NK cells killing K562 cells in an F-well.
$10. Movie of a cytotoxicity assay with NK cells killing A498 cells in a dimpled
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imaging-based live cell assays with a broad range of potential applications within life sciences.

high-content imaging can generate single cell data with
spatial,> morphological,® and functional* information over
time, complementing other techniques for single cell analysis
like DNA® or RNA® sequencing, and mass’ or flow® cytometry.
Many imaging-based cell assays are performed in conventional
macro-scale cell culture formats, where plastic multiwell
plates with 6 to 1536 wells is a common standard.’ Such wells
typically have a flat or rounded, u-shaped bottom that can be
utilized for different applications. Advantages of the multiwell
plates are compatibility with a wide range of imaging
instruments and easy liquid handling for cell seeding,
addition of reagents or media replenishment. However, the
large bottom area of the wells is not optimal for optical
scanning, mapping, and analyzing large numbers of
individual cells over time, since cells can randomly leave or
enter the imaging FoV during the assay. Moreover, for detailed
single cell or subcellular image-based analysis, the optical
quality often falls short.

Microwell arrays, ie, miniaturized versions of
conventional multiwell plates, feature precise spatial
confinement of cells and offer an attractive alternative to
conventional cell culture substrates for live cell assays.'® Each
well accommodates a single cell or up to a small population,
depending on its shape and diameter."*™® The microwell
arrays can be covered'*™® or left open,"”'® then often
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combined with a liquid reservoir above the microwell array.
Deep microwells are advantageous because they minimize
the risk of cells escaping or being displaced during assays,"’
whereas shallow wells are generally easier to fabricate.'*?°
Flat bottom wells often provide the best optical properties for
imaging,*" whereas wells with a rounded bottom suffer from
light scattering but can potentially promote closer contact
between cells.*

Among the most popular materials for making microwells
are polymers, like polydimethylsiloxane (PDMS).>*** They
allow for easy prototyping but the resulting microwells are
often shallow and can suffer from high leachability, low
inertness or low optical quality and fabrication methods can
be incompatible with the translation from academic
prototyping to industrial manufacturing.>**® Semiconductor-
based processing of Si wafers can be used for batch
fabrication of deep and narrow microwells with a bonded
high-optical quality glass bottom, enabling live single cell
assays and high-resolution imaging."*'”'**" However, the
production cost per chip is high due to relatively large dice
sizes and it is difficult to generate other than flat bottom well
shapes.

Glass materials are well suited for life sciences since they
have ideal optical properties for microscopy and are highly
inert towards most used chemicals as well as proteins and
other biomolecules. Microwell arrays made of glass have been
demonstrated for live cell assays, but typically only in wells
with low aspect ratios.””° Although glass is relatively
inexpensive, microfabrication processes with both high
quality and high throughput are lacking.*’* Laser ablation
is slow for deep structures and can introduce defects like
micro-cracks or chipping, whereas dry and wet chemical
etching often suffer from low etch rates or isotropic etch
profiles, respectively. Fabrication of deep and narrow
microwells of high-quality in thin glass substrates is still a
challenge that needs to be addressed.

Hybrid glass fabrication processes have been developed
based on femto- (FLAE)***° and picosecond laser-assisted
etching (PLAE).*® They include an initial non-ablating, laser
exposure of glass followed by wet chemical etching.
Microfluidic applications with embedded channels®” and live
cell assays®® have been demonstrated. However, these
processes require either fused silica or specific types of
photosensitive glass. The latter option needs additional high
temperature annealing steps and includes the presence of
silver and cerium oxides, which may raise concerns of
potential impact on live cell assays.

A similar method developed for producing through-glass-
via (TGV) interconnects and electronics packaging is called
laser-induced deep etching (LIDE).>*"**> In contrast to FLAE
and PLAE, this technique works on almost all silicon dioxide-
based glass materials and more rapidly produces defect-free
glass holes of high aspect-ratios. Recent work by others has
characterized and optimized methods similar to LIDE for
specific TGV wall shapes.** TGVs do share design similarities
with microwells and glass microfabrication processes for
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TGVs could potentially be adapted and utilized for biological
applications.

In this work, we use LIDE as an enabling glass
microfabrication technology for making high-aspect ratio
microwell arrays. We focus on the production of glass chips
with unique microwell designs, including deep and narrow
wells with a flat, high optical quality bottom and wells with
3D-shaped bottom profiles, including deep and narrow
U-wells and microstructured dimpled wells. These are
evaluated for several live cell imaging assays with single cell
analysis. First, we introduce the concept of microwell
fabrication in glass using LIDE.

2. Laser-induced deep etching of
glass microwells

LIDE of glass includes two main processing steps (Fig. 1A). In
the first step, a pulsed laser is used to rapidly introduce local
modifications into the glass substrate, in which the material
property of the glass is altered. This is done with up to 5000
modifications per second. No material is removed by laser
ablation in this process, but the modified glass obtains a
higher sensitivity against the etchant used in the subsequent
step. One laser pulse is enough to generate a modification
throughout the thickness of the glass substrate, but the laser
focus can be set at a given height to precisely define the
depth of the modification. The diameter of each modification
is in the order of 1 um in diameter.

In the second step, the glass substrate is chemically wet
etched. Almost instantly, the modified glass is anisotropically
etched, forming deep, micron-sized holes. The remaining
unmodified glass is then etched isotropically, widening the
already formed hole to a desired width, whereby the etching
is stopped. This process enables the fabrication of microwells
with an aspect ratio in the order of 1:10 or more.

Different types of holes with different taper angles can be
generated. The tapering is a result of the declining
concentration of etchant further down the hole and depends
on the type of glass that is used. As indicated above, it is
possible to make shallow or deep “blind holes” that penetrate
part of the glass or holes that span the entire thickness of
the glass, here called “through-holes”. Through-holes that are
etched from both sides have tapered walls giving them an
hourglass-shaped profile under standard process conditions.
Holes with a positive or negative taper angle can be produced
by applying a protective layer on one of the sides before
etching, giving them a similar taper profile as for blind holes.
Structures that are produced with blind holes are directly
suited to be used as microwells for cell assays. They feature
either a rounded U-shaped or conical V-shaped bottom
profile. To create wells from through-holes, an additional
process step to attach a glass wafer that serves as the well
bottom is required. Here, this step was done by fusion
bonding, which is a technique based on atomic contact
between the two glass wafers that is transformed into
covalent bonds by applying heat and pressure (Fig. 1B).

This journal is © The Royal Society of Chemistry 2022
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A. Laser-induced deep etching (LIDE) of glass

Start Laser modification Wet etching Example result
Single exposures with Etching of modified glass Shallow blind hole
pulsed laser to generate holes Deep blind hole
Through-hole
A
.
A
! Write track
New glass substrate + Position for laser exposure Optional Microstructured
i Laser-modified glass protective layer glass substrate

B. Fusion bonding of substrates with through-holes

Alignment Fusion bonding Bonded glass stack

Microstructured glass substrate Applied pressure and heat

with through-holes Flat-bottom microwells

Bottom glass substrate

C. Microwell designs

Single-layer microwells made from blind holes Double-layer microwells made from through-holes
Basic structures Composite structures Basic structures Composite structures
Shallow V-well Tapered F-well Negatively tapered | Long tapered F-well

F-well

Hourglass Wide tapered
F-well F-well

Tapered V-well Long dimpled V-well

Wide dimpled
Tapered U-well

Bottom shapes of the microwells

v V-well L/J Dimpled V-well F-well
V-shaped conical bottom Dimpled bottom made of Flat bottom made of single or
multiple adjacent V-wells multiple adjacent wells
U U-well Dimpled U-well
U-shaped round bottom Dimpled bottom made of
multiple adjacent U-wells

Fig. 1 Fabrication scheme of laser-induced deep etching of glass microwells. A) lllustrations of the LIDE-process, including the two main process steps
of laser modification of glass and anisotropic wet etching of modified glass, respectively. The process can generate either shallow blind holes, deep blind
holes or through-holes of various sizes and shapes. The blind holes can be used directly as microwells for cell assays. B) lllustrations of the fusion bonding
process to produce microwells from lide-generated through-holes in glass. C) Examples of microwell designs made of basic (made from one laser
exposure) and composite (made from multiple adjacent laser exposures) structures from either single-layer (made from blind-holes) or double-layer
(made from through-holes) microwells. The bottom panel illustrates the different bottom shapes of the different types of microwells. The tapered U-well,
wide tapered B-well and hourglass F-well (all marked in bold text) were chosen for evaluation in this work.

This journal is © The Royal Society of Chemistry 2022 Lab Chip, 2022, 22, 2107-2121 | 2109
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Fusion bonding provides durability of the bond that is
comparable to the bulk material itself. Such double-layer
microwells have a flat bottom.

Single holes can be used as building blocks to produce
more complex and larger composite structures by simply
introducing laser modifications in proximity that can merge
during the etching process. Such composite structures can be
composed of either blind holes or through-holes to produce
grooves of various width and length. The microwell designs
that were chosen for evaluation in this work are highlighted
with bold text in Fig. 1C.

3. Experimental
3.1 Fabrication of glass microwell array chips

The glass microwell array chips in this work were provided by
Arralyze® (LPKF Laser & Electronics AG, Germany). We used
BOROFLOAT® 33 (Schott AG), a borosilicate glass that is
widely used for life science applications due to low
autofluorescence and high optical transparency in the visible
region. The 500 um thick 4” wafers that we used had a
surface roughness of R, < 1 nm and warpage/bow of <30
pum, according to the manufacturer's specifications.

The LIDE process has been previously described for TGVs
elsewhere.”® In short, we first made digital designs of the
microwell arrays. They were then used in a commercially
available Vitrion S 5000 laser machine (LPKF Laser &
Electronics AG, Germany) to define positions of laser
exposure. The machine was set to 80% power and local
modifications were introduced into the glass wafers by laser
exposure in the machine. For through-holes in double-layer
glass microwell arrays, the laser focus was positioned in the
center of the cross section of the glass wafer. For blind-holes
in single-layer glass microwell arrays the focus was lifted
upwards until the target hole-depth was archived after
etching. Lastly, the glass wafers were wet etched in a diluted
HF-solution and the process was monitored until the
intended hole-diameter for each type of well was archived.

Single-layer glass microwell arrays. Microwells made of
blind holes were fabricated in single-layer glass chips. Two
different microwell designs were produced in separate arrays
on the same chips. Blind holes made from glass modifications
of single laser pulses were used to produce deep, tapered
U-shaped wells with a rounded bottom (hereafter referred to as
U-wells). Blind holes made from glass modifications of
multiple laser pulses at adjacent positions were used to
produce square-shaped composite wells. Since such wells were
formed from the merging of overlapping U-wells in the etching
step, they had 3D microstructured bottom surfaces made of
laterally distributed dimples with a rounded bottom and
separated by narrow ridges in a square layout. Hence, we refer
to such wells as dimpled U-wells. We designed the dimples for
the two types of cells used in this work (see section 3.3). The
dimples were larger in size compared to the suspension cells
and smaller compared to the adherent cells that were used.
Composite structures were also used to create pre-determined
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breaking points, ie., dicing streets, along the edges of the
chips. In this way, individual chips could be precisely separated
by manually breaking the wafer as a final dicing step after LIDE
processing, thus avoiding the need for conventional wafer
dicing. We manufactured both 22 x 22 mm? square chips and
22 mm in diameter circular chips.

Double-layer glass microwell arrays. Microwells made of
through-holes were fabricated in double-layer glass chips.
After laser modification of the glass, the wafer was etched
from both sides. This resulted in hourglass-shaped through-
holes, which were distributed in a single array on each chip.
After LIDE processing, the microstructured wafer and a new,
unprocessed wafer were fusion bonded together and
thereafter each side of the stack was grinded and polished.
The bonding closed the through-holes and formed flat-
bottom microwells (hereafter referred to as F-wells). Lastly,
the glass wafer was diced into individual 22 x 22 m® square-
shaped chips.

3.2 Chip assembly for use in inverted microscopes

Glass microwell array chips can be mounted in different
types of microscopes and imaging instruments using chip
holders. The design of such holders can be adapted for
standard formats, such as cell culture dishes or microscope
slides, to be able to fit in conventional microscopy stage
inserts. In this work, two approaches were used.

One approach was based on a previously described holder
in the shape of a standard cell culture dish.>® Briefly, the
chip was assembled in the bottom part of the circular holder,
which had a slot for the chip and an open window
underneath for optical access by an inverted microscope. A
gasket was magnetically clamped against the perimeter of the
chip using a top part, which had a window for topside access
to the chip. The window in the top part, together with the
gasket, formed a chamber that functioned as a liquid
reservoir above the microwell arrays during long term live cell
assays. This approach was used with the square-shaped glass
chips.

Circular glass chips were instead glued to the bottom of a
standard plastic cell culture dish with an outer diameter of
30 mm. The dish had a circular opening in the bottom that
was slightly smaller than the glass chip. Before bonding, both
the glass chip and the dish were treated with oxygen plasma
(Atto-QR-200-PCCE, Diener electronic GmbH + Co. KG) to
improve adhesion. Then, adhesive glue (Katiobond OM614,
DELO Industrie Klebstoffe GmbH & Co) was dispensed to the
plastic dish using a needle valve on an x-y stage. After
assembly of the glass chip with the dish, the adhesive was
exposed to UV-light with a wavelength of 365 nm for 10
minutes for pre-curing. Lastly, a final thermal curing step
was performed at 50 °C for 20 hours. This method produced
a mechanically strong and leakage-free bond between the
glass chip and the plastic dish. The dish then served as a
liquid reservoir on top of the microwell arrays on the glass
chip.

This journal is © The Royal Society of Chemistry 2022
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In both approaches, a cell culture dish lid was used to
cover the liquid reservoir on top of the microwell arrays to
prevent evaporation and contamination. The lid was
temporarily removed when adding or removing liquids.

3.3 Cells

For the cell assays that were performed in the glass
microwell chips, we used human leukemia cell line K562
and human renal cell carcinoma cell line A498 (both from
ATCC). We also used the variants K562-GFP and A498-RFP,
which expressed green fluorescent protein (GFP) and red
fluorescent protein (RFP). K562 was maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum
(FBS), 100 U mL™ penicillin and 100 pg mL™ streptomycin.
A498 and A498-RFP were maintained in DMEM medium
supplemented with 10% FBS, 100 U mL™ penicillin and
100 ug mL™"' streptomycin. Human natural killer (NK) cells
were isolated from peripheral blood mononuclear cells
(PBMCs) from anonymous healthy donors by negative
selection using an NK cell isolation kit (Miltenyi Biotec)
and maintained in RPMI 1640 medium supplemented with
10% FBS, 100 U mL™" penicillin, 100 ug mL™ streptomycin
and 200 U mL™" of IL-2 (PeproTech) for 3-5 days before
experiments. According to local regulations, no ethical
permit is needed to use NK cells isolated from anonymous
healthy donors.

3.4 Cell labelling

Cell lines were transduced to stably express GFP or RFP for
long-term proliferation, as previously described.** For short-
term imaging experiments, the cell lines were stained with 1
uM CellTrace Calcein Green AM (Thermo-Fisher Scientific)
and/or 2.5 uM CellTrace Far Red (Thermo-Fisher Scientific)
viability dyes. For killing assays, NK cells were stained with
0.5 uM CellTrace Yellow (Thermo-Fisher Scientific), target
cells with 2.5 pM CellTrace Far Red (Thermo-Fisher
Scientific) and cell death was detected by having 1 uM SYTOX
Green (Thermo-Fisher Scientific), which leaks in and labels
the cell nuclei in dying cells, in the medium during assays.
The staining was performed following the manufacturer's
protocols.

For live cell imaging of actin, A498 cells were detached
and transfected with LifeAct-mCherry for 30 min in an
Eppendorf tube at 37 °C using Lipofectamine 2000 (Thermo
Fisher Scientific) following the manufacturer's protocol and
directly plated in the glass microwell chip using complete
RPMI medium containing 20 000 cells per mL. Cells were left
to adhere for 24 hours before imaging. When specified,
LifeAct-mCherry-transfected A498 cells were stained with the
viability dye Calcein AM. For the microscopy, the medium
was replaced by Hanks' balanced salt solution (HBSS,
Thermo Fisher Scientific) with 10% FBS.

For actin and tubulin organization over the dimple ridges
and 3D reconstruction, 10> RFP-expressing A498 cells were
seeded onto the chip and left overnight. The following day,

This journal is © The Royal Society of Chemistry 2022
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immunofluorescence staining was performed in a light
protected environment. The cells were washed three times
with PBS, fixed in 4% (w/v) methanol-free formaldehyde
(Thermo Fisher Scientific) at room temperature for 15
minutes, washed three times in PBS and then permeabilized
with 0.5% Triton-X-100 at room temperature for 5 minutes.
The samples were blocked with 5% BSA at room temperature
for 5 minutes and incubated with 2 ug mL™" primary
antibody mouse anti tubulin (T6074, Sigma) in PBS at 4 °C
overnight. The following day, the cells were washed three
times with PBS. The permeabilization and blocking steps
were repeated as previously described. The samples were
incubated with 2 mg mL™" goat anti mouse AF647 secondary
antibody (A21240, Invitrogen) and 60 nM Oregon Green
Phalloidin (07466, Thermo-Fisher) at room temperature for 1
hour. Next, the cells were washed 3 times with PBS and
incubated with 2 mg mL™" DAPI (D1306, Thermo-Fisher) at
room temperature for 10 minutes followed by three washing
steps with PBS.

3.5 Microscopy

Imaging was performed at 10x, 20x and 63x magnification
using a LSM 880 inverted confocal microscope (Zeiss) or an
Axio Observer Z1 inverted microscope (Zeiss) with an ORCA-
Flash 4.0 camera (Hamamatsu). Both microscopes were
equipped with incubation chambers maintained at 37 °C and
5% CO,. Scanning electron microscopy of the glass chips was
done on a JSM-6510 (JEOL Ltd.).

3.6 Cell imaging

Long term cell cultures (section 4.3), including clonal
expansion (section 4.4), were performed by seeding GFP
expressing K562 cells in U-wells and F-wells or RFP
expressing A498 cells in dimpled U-wells and F-wells. 10*-10°
cells were seeded onto the chip, resulting in approximately 1-
3 cells/well, to give space for the cells to divide. Images of the
microwells were acquired every 24 h for 4 days using the Axio
Observer Z1 wide field microscope or the LSM 880 confocal
microscope, with the microwell chip kept in a CO, incubator
between imaging sessions. A498 cells expressing RFP were
used for evaluating cell migration in dimpled U-wells (section
4.6). 10° cells were seeded onto the chip and left to adhere
overnight, before imaging every 5 minutes for 12 hours the
following day.

The time-lapse live cell imaging of the actin remodelling
was conducted using LifeAct-mCherry transfected A498 cells.
Images were acquired with a single optical section at 1 frame
every 15 seconds using the airyscan detector of the LSM880
microscope (section 4.7). The images were reconstructed
using the airyscan processing mode in ZEN (Zeiss). For actin
and tubulin organization over the dimple ridges, cells were
imaged with the LSM880 confocal microscope (63x, oil) with
a z-step of 0.5 um. For the high-resolution single cell
migration assay and actin signal quantification over the
dimple ridges, time-lapse imaging of LifeAct-mCherry

Lab Chip, 2022, 22, 2107-2121 | 211
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transfected A498 cells was performed using the LSMS880
confocal microscope (63x, oil) with a time frame of 5
minutes.

NK cell cytotoxicity assays were performed by initially
seeding activated NK cells and target cell lines onto the chip
(section 4.8). When the desired number of NK cells and
target cells, i.e., approximately a single NK cell and 3-7 target
cells in each well was reached, the surface was rinsed with
medium, and the chip was placed under the Axio Observer
Z1 wide field microscope acquiring images sequentially at
several fields of views every 3 minutes for 12 hours.

3.7 Image analysis

Automatic image analyses of cell proliferation and immune
cell cytotoxicity assays were performed using MATLAB
(MathWorks, Inc.). Initially, wells were segmented using the
bright-field channel. Thresholds were applied to the
fluorescent channels followed by a median filter to remove
noise and a Gaussian filter to smooth the image. Cells were
counted by using a Dbuiltin MATLAB algorithm
(imregionalmax), detecting regional intensity maxima
corresponding to individual cells. Classification of live and
dead cells was performed by measuring the SYTOX intensity.
Cells were classified as dead if the average SYTOX intensity
inside the cell was above a set threshold.

A. Single-layer chip B. Double-layer chip

A () %
i wmm
o

IR T Wli

ARRARARRARR
e T

C. Chip glued to a culture dish
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Analysis of the positioning of K562 cells inside dimples
was performed in MATLAB by fitting a grid with the same size
as the dimple structures. The fluorescence image was
binarized and cells were segmented using a MATLAB
watershed transform (watershed). Each segmented cell was
then assigned to the dimple in the grid with maximum
overlap and the fraction of the cell inside the dimple was
calculated.

Manual image analysis and 3D reconstructions were
performed using Image]*® and Imaris (Oxford Instruments),
respectively. Automatic tracking of migrating A498 cells in
dimpled U-wells was performed using the Baxter algorithms.*®

4. Results & discussion

Here, we report the first manufacturing, use and biological
evaluation of glass microwell array chips made by LIDE in
different types of in vitro live cell assays. The evaluation was
done by low- and high-resolution microscopy followed by
image analysis.

4.1 Manufactured glass microwell array chips

The LIDE process was used to manufacture glass microwell
array chips with U-wells, dimpled U-wells, and F-wells, as
indicated in Fig. 1C. Examples of fabricated chips are shown
in Fig. 2. The resulting chips were either 22 mm” square or

D. Chip assembled in a holder

i
il
Ed

Fig. 2 Fabricated glass microwell array chips made with LIDE. Photographs of A) a single-layer chip, B) a double-layer chip, C) a circular single-
layer chip glued to a culture dish, and D) a square single-layer chip assembled in a chip holder (gasket and lid not included in the photograph).
SEM images of E) tapered U-shaped wells in a single-layer chip, F) wide dimpled U-well in a single layer chip, and G) hourglass F-wells in a double

layer chip.
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circular with a 22 mm diameter. Single-layer chips included
multiple arrays with U-wells and dimpled U-wells (Fig. 2A),
whereas double-layer chips included a single array with
F-wells (Fig. 2B). As described above, circular single-layer
chips were glued to the bottom of a 30 mm cell culture dish
(Fig. 2C) and square-shaped single-layer or double-layer chips
were mounted in a custom-made chip holder (Fig. 2D).

The chips were inspected by SEM (Fig. 2E-G), from which
it was confirmed that the formed microstructures were free
of defects, such as micro-cracks. The rows and columns of
microwells in the arrays were distributed with equal pitch
between wells and dimples. Both the U-wells and the dimpled

A. K562 cells in U-well

B. A498cellin dimpled U-well

K562 cultures in U-wells F. A498 culture in dimpled U-well

Day 1

Day 4

; 30 pm -63x

10x 10x
Crop Crop
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U-wells wells had round bottom-shapes whereas the F-wells
were flat. The fusion of the glass substrates of the double-
layer chips left no visible sign of the previous interface. The
U-wells and F-wells both had a top diameter of 90 um. The
F-wells had a bottom diameter of 75 um, whereas the U-wells
had a rounded bottom profile. The dimpled U-wells had a
square shape with a width of 1 mm, and individual dimples
were 20 um in width and up to 4 um in depth (ESI} Fig. S1).
The total depths of the inspected microwells were 265 um for
the U wells, 240 um for the dimpled U-wells, and 405 um for
the F-wells, and the bottom thicknesses were 163 pm, 220
pm and 170 pm, respectively.

C. K562 cells in F-well D.

A498 cell in F-well

30 um 63x
I

30 um
I

G. K562 cultures in F-wells A498 cultures in F-wells

10x 10x
Crop Crop

Fig. 3 63x high-magnification bright-field and fluorescence imaging of live cells in glass microwells with A) K562 suspension cells in round
bottom U-wells in a single-layer chip, B) A498 adherent cells in a dimpled U-well in a single-layer chip, C) K562 suspension cells in a flat bottom
F-well in a double-layer chip, and D) A498 adherent cell in a flat bottom F-well in a double-layer chip. Long-term cell culture, showing 10x
magnification brightfield and fluorescence images at day 1 (top row) and day 4 (bottom row) of E) K562 cells in U-well array, F) A498 cells in a
dimpled U-well, G) K562 cells in an F-well array, and H) A498 cells in an F-well array.
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4.2 Live cell imaging in different glass microwell designs

First, we evaluated the image quality that could be obtained
from inverted light microscopy of fluorescently labelled live
cells in the glass microwell chips (Fig. 3A-D). For the
intended application of high-content screening with single
cell resolution of live cell assays, the minimal requirement
was to be able to resolve single cells. For this evaluation,
K562 suspension cells and A498 adherent cells were used.

Starting with the U-wells, it was confirmed that single cells
could be imaged and distinguished from one another,
despite the rounded and light-scattering profile of the well
bottom (Fig. 3A). Cells were observed to be in close proximity
to one another and could also be located at slightly different
heights when several cells occupied a single well.

In the dimpled U-wells, the well floor featured a 3D
microstructured landscape. The dimples seemed to have little
effect on the image quality, especially compared to U-wells,
as even subcellular details were clearly observed (Fig. 3B). In
bright-field imaging, the square layout of the dimple ridges
was visible in addition to the cell. In fluorescence imaging,
the dimples themselves could not be observed but the
pattern of the dimple ridges could be discerned by the lack
of fluorescence signal from the cell. This observation is
further investigated in section 4.7 below.

In contrast to the U wells and dimpled U wells, the flat
bottom of the F-wells provided an unobstructed view for
imaging of cells. Hence, subcellular detail was clearly visible,
even in small suspension cells and image quality was
superior to that of U-wells (Fig. 3C). All cells on the well floor
could be imaged in one focus plane. In brightfield mode, the
exposure was equal across the well floor, in contrast to U-
wells, which had a slightly brighter area in the middle of the
well.

Lastly, we performed imaging of the larger adherent cells
in F-wells. Similarly to the previous results obtained with the
smaller suspension cells, we could resolve single cells with
subcellular detail (Fig. 3D). However, these cells could stretch
over the entire width of the well and adhere to well walls,
which could put parts of the cell out of focus.

4.3 Long-term cell cultures in glass microwell arrays

Next, we investigated if LIDE-processed glass of different well
shapes and dimensions could support long-term cell
cultures. The smaller K562 cells were tested in U-wells and F-
wells, whereas the larger A498 cells were tested in F-wells and
dimpled U-wells.

In all three types of well designs, the cells were cultured
successfully for four days (Fig. 3E-H). Viable cell cultures
were observed even after seven days; however, the cultures
were then expanding out of the smaller wells. In the U-wells
and F-wells, the K562 suspension cells were observed to line
up in radial patterns as they proliferated. The cells were
maintained inside the wells with no sign of escape or
accidental transfer of cells between microwells. Wells without
cells at the beginning of the assay also remained empty. The
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larger A498 adherent cells remained viable and proliferated
in the small F-wells, but they were observed to migrate on
the well walls, making it difficult to set and maintain all cells
in focus and consequently to distinguish individual cells.
Such events were less of an issue in the large, dimpled U-
wells, where the adherent cells could extend and migrate
freely while remaining in the same focal plane over the
course of the assay. Cell proliferation was similar for A498
cells on both dimpled and flat glass surfaces (ESIf Fig. S2
and Movie S3). The dimpled U-wells also provided the
opportunity to follow individual cells over long periods of
time, for example to do lineage tracing (ESIT Movie S4).

4.4 Clonal expansion in flat-bottom microwells

The confined microenvironment in the smaller microwells
provided a suitable setting for studying the proliferation of
single cells over time. Hence, in the following assay, we used
F-wells for demonstrating clonal expansion of K562 cells in
glass chips.

Cells were seeded so that one, two, or three cells occupied
each well. Thereafter, the cells were cultured for four days
and imaged every day to monitor their proliferation over time
(Fig. 4A). Starting with wells having single cells at the
beginning of the assay, we observed, on average, a doubling
time of 24 hours (Fig. 4B). At day four, different numbers of
cells were present in the wells across the arrays (Fig. 4C).
Some cells remained viable without dividing successfully,
while others proliferated into substantially higher numbers
(Fig. 4A), displaying cell heterogeneity in the K562
population. We also investigated if the initial number of cells
in the wells affected the proliferation rate (Fig. 4D). The
proliferation in wells having one, two or three cells at the
beginning of the assay was analyzed. On average, we observed
a doubling rate per day in all conditions, however, the wells
that housed three cells at the start seemed to have a slightly
lower proliferation rate.

4.5 Laterally organized cell seeding into dimples

The dimpled U-wells provided a 3D microstructured, egg
carton-like floor in the glass. This is similar to previously
published work based on conventional wet etching,”” but in
contrast, we integrated dimple structures into the bottom of
deep microwells. The dimples were designed to specifically
fit a single K562 suspension cell. We then investigated
whether we could obtain a laterally organized cell seeding on
the well floor, where each cell would fall into and occupy its
own dimple at predetermined positions.

K562 cells were seeded into dimpled U-wells and imaged.
Most cells were located alone within, and distributed in the
rows and columns of, the dimple structures (Fig. 5A).
However, a few cells were also observed to be in contact with,
or partly cover, the dimple ridges. The fraction of each cell
that was inside the nearest dimple was analyzed by
segmenting cells into fractions being inside or outside a
dimple (Fig. 5B). The results showed that approximately 60%
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of the cells had a 90-100% fraction inside a dimple, and the
mean fraction inside a dimple of all cells that were analyzed
was 88% (Fig. 5C). Thus, the dimples could be used to guide
cell seeding into predetermined patterns for a range of
different applications and potentially also for making
organized monolayers that form cellular networks.

4.6 Cell migration over 3D dimple microstructures

As observed in the long-term cultures (section 4.3), A498 cells
were able to adhere and migrate on the native glass surfaces
in the microwells. The dimpled U-wells offered a larger
surface area over which the cells could migrate compared to
the smaller wells. However, the 3D dimple microstructures
presented a different landscape compared to conventional
flat cell culture substrates. The dimples were designed to be
smaller than the A498 adherent cells, so that the cells would
face multiple ridges and dimples at a time rather than a flat
surface upon migration.

Using the dimpled U-wells, we characterized the A498 cell
migration on microstructured glass surfaces. We seeded a

Day 2

Day 3

View Article Online
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low number of cells into dimpled U-wells and monitored the
migration over time (Fig. 5D). It was observed that the cells
managed to migrate successfully over the dimpled floor of
the well. Over the course of the 12 hour assay, the cells
migrated long distances in different directions (Fig. 5E). The
migration speed varied for all cells but peaked at close to 2
um min~" (Fig. 5F). When monitoring a larger set of cells, we
observed a mean migration speed of 0.82 um min™" (Fig. 5G).

4.7 High-resolution imaging of subcellular protein structures
in dimpled U-wells

Performing high-magnification microscopy of subcellular
structures requires a cell culture substrate with high optical
quality. Glass microwells have great potential for such
applications, in particular double-layer chips with F-wells that
have a flat #1.5H glass coverslip-like bottom surface.
However, the simpler design and manufacturing of single
layer microwell chips can potentially provide a lower cost
option. As observed in section 4.2, dimpled U-wells showed
promising optical quality. In the previous assay presented in
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Fig. 4 Clonal expansion of K562 suspension cells in F-wells. A) Combined brightfield and fluorescence images of proliferation over 4 days (day 1-
4 in columns), where a single cell fails to proliferate (1st row) or successfully proliferates (2nd row), or where two (3rd row) or three (4th row) initial
cells proliferate successfully. B) Line plot of the increase of the number of cells per well over the time of the assay, starting with a single cell per
well. C) Bar plot showing a histogram of the number of cells present at the end of the assay in the analyzed wells that had a single cell at the start.
D) Bar plot showing the number of cells per well at day 2 in wells starting with one, two, or three cells per well.
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Fig. 5 A) Laterally organized cell seeding of K562 suspension cells into dimples of a dimpled U-well. B) Image segmentation of the fraction of a
cell's area that is positioned inside (green) or outside (red) a single dimple (grid overlay representing the dimple ridges), and in C) a bar plot
showing a histogram of the results of the image analysis. D) Cell migration in dimpled U-wells of A498 adherent cells, including migration tracks
with different colours for different cells, at three different time points: start, middle, end of assay. E) Migration tracks normalized to a starting
position of 0,0 (x, y) plotted along the lateral directions of the well. F) Line plot of the migration speed of the tracked cells over the course of the

assay. G) Bar plot showing a histogram of the average migration speed.

section 4.6 above, we observed the migration of A498 cells
over dimpled U-wells. In some applications, 3D
microstructured surfaces can provide a more in vivo-like
topography for contact and migration-focused studies
compared to flat cell culture surfaces.*”*® Here, the novel
microstructured floor of the dimpled wells combined with
high image quality provided a unique opportunity to study
subcellular mechanics in detail during migration. Therefore,
we further investigated the cell migration in dimpled U-wells

2116 | Lab Chip, 2022, 22, 2107-2121

by high-magnification confocal and time-lapse microscopy of
the actin and tubulin filaments inside the moving cells.

First, we did live cell time-lapse imaging of an A498 cell
on the dimpled surface during a short time sequence with
high time-resolution (Fig. 6A and ESIT Movie S5). Here, we
could resolve and observe submicron cellular protrusions
containing actin filaments along the cell periphery (Fig. 6B),
and in detail see the actin dynamics during retraction and
extension (Fig. 6C). We also observed an aggregation of actin

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Confocal imaging at 63x magnification of A498 cells in dimpled U-wells. A) Live-cell airyscan microscopy of an A498 cell transiently transfected
with LifeAct-mCherry and acquired for 15 min at 15 s intervals. B) Signal profile along the magenta line as drawn in A). C) Cropped image from the orange
box as drawn in A) at different times of the acquisition. White arrows show the cell membrane retraction and extension. Blue arrows show examples of
actin filaments withdrawn. Orange arrows show examples of actin puncta formed during the membrane protrusion redeployment. D) An A498-RFP cell
was stained for actin, tubulin and nuclei and imaged using confocal microscopy with a z-step of 0.5 um. The fluorescence images show max projections
of the z-stack and three selected optical sections are shown in E) for actin and tubulin, with the focal plane of the dimple ridges used as reference (z = 0
um). Fluorescence signal is shown down in the dimples, indicating that the cell conforms to the structured glass surface. Signal puncta is visible for actin
but not for tubulin along the ridges and above. F) 3D reconstruction of the same A498 cell with a top view (left), a closeup from the orange box (right)
and cross section view from the line A-A’ (bottom), showing aggregation of actin, particularly at ridge junctions (arrows), and conformation of the cell
membrane along a dimple ridge. Live-cell imaging of a LifeAct-mCherry transfected A498 cell with the brightfield image in G) and the actin signal in H),
including measured actin puncta along the dimple ridges. I) The migratory path from multiple time frames of the same cell was tracked manually and the
average intensity was projected, showing the area covered by the cell (grey signal) and the migratory path (magenta line). The combined signal from the
actin puncta appears as bright lines over the dimple ridges.
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close to the cell periphery that was in motion, often in the
form of actin puncta. These puncta were localized near the
dimple ridges of the glass substrate.

We then further analyzed the positioning of an A498 cell
on the dimpled surfaces (Fig. 6D). Confocal z-stack imaging
indicated that the cells conformed to the shape of the glass.
Both actin and tubulin signals were detected below the level
of the dimple ridges, however, puncta along the dimple
ridges and above could only be seen for actin and not tubulin
(Fig. 6E). This was further analyzed by making 3D-projections
from the acquired z-stacks, where it was clear that the shape
of the cell followed the topology of the microstructured glass
surfaces and actin aggregated along the ridge, especially at
the junctions of the square-shaped ridge pattern (Fig. 6F).

To further investigate the appearance of actin puncta
inside the cells, we performed high resolution time-lapse
imaging with longer time intervals of migrating A498 cells
over the dimpled surfaces (Fig. 6G and ESIT Movie S6). In
single frames of a migrating cell, we could confirm the
alignment of the actin puncta with the ridges of the dimple
structures in the glass microwell (Fig. 6H). When combining
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all frames in the sequence into a single image, the square-
shaped ridge pattern of the dimples clearly appeared in the
fluorescent signal of actin (Fig. 6I). From this time-sequence,
the actin now appeared more as lines rather than puncta.
This indicated that, during migration, the cell makes contact
on multiple positions in proximity along the glass dimple
ridges as it moves forward. Apparently, the cell used the 3D
microstructures of the glass surface for advancing forward,
where the dynamics of the actin filament arrangement was
organized and conformed to the microstructured surface.
Thus, 3D micro-structuring in glass microwells may enable
studying or promoting cell migration over structures of
different types of dimple designs, sizes, and densities. It may
potentially also enable more detailed investigations of the
biomechanics of the acto-myosin network involved in cell
migration by high-resolution microscopy.

4.8 Cell cytotoxicity screening in glass microwell arrays

One application where microwells are particularly suitable is

immune cell cytotoxicity assays with single cell
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Immune cell cytotoxicity assays in the glass microwell array chips, with cropped images of killing events at three different time points

followed by an uncropped image of the last time point. The plots show the accumulated killing over the course of the assays. A and B) NK killing
of K562 cells in U-wells. The NK cells were activated with IL-2 for 5 days prior to the assay. C and D) NK killing of K562 cells in flat F-wells. The NK
cells were activated with IL-2 for 3 days prior to the assay. E and F) NK killing of A498 cells in dimpled U-wells. The NK cells were activated with

IL-2 for 5 days prior to the assay.
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resolution,'"'#1%17:1921 Two key aspects are to enable close
contact between the immune cells and their targets in a
confined space, or to allow for tracking of migration over
long distances prior to killing. Here, we investigated how the
microwells presented in this work would perform in immune
cell cytotoxicity assays.

We used primary NK cells as effector cells and K562
cancer cells as targets in the small U-wells and F-wells. After
first seeding fluorescently labelled target cells and then
effector cells, we performed time-lapse imaging over a period
of 6 hours to monitor NK killing of the target cells. We also
monitored spontaneous death events of the K562 cells, in
wells without NK cells.

Starting with the U-wells, we observed successful NK cell
killing (Fig. 7A and ESIf Movie S7). The round and narrow
bottom of the wells promoted cell-cell contact but as
expected, these types of wells had limited optical quality due
to their bottom shape. However, we could still distinguish
single cells from one another, especially when looking at the
fluorescent signals. It was also possible to readily detect
killing events of single cells as the fluorescent signal of the
target cells switched from red to green. The number of wells
with killed targets was 69% at the end of the assay (Fig. 7B).
To enhance the visibility of the cells we made 3D projections
of confocal z-stack images of the U-wells (ESIT Movie S8). We
could then more clearly distinguish single cells from one
another, both laterally and vertically. However, such type of
imaging requires more exposures and time to capture each
event, which may not be desired for some cytotoxicity
screening assays.

In the F-wells, the higher image quality was clearly visible,
and it was straightforward to detect and distinguish
individual cells and killing events (Fig. 7C and ESIf Movie
S9). At the end of the assay, the number of wells with killed
targets was 22% (Fig. 7D). Thus, whereas the U-wells
promotes cell-cell contacts, the F-wells permits efficient and
detailed analysis. Although, the shape difference of the well
bottom seemed to lead to higher amount of killing in the
U-wells compared to the F-wells, a direct comparison cannot
be made since the effector-to-target-cell ratio was not
precisely controlled, and the activation of the NK cells was
different for the two experiments.

We also evaluated immune cell cytotoxicity assays in the
dimpled U-wells wells with NK effector cells and A498 target
cells. The optical quality of the microstructured well surface
made it easy to detect individual cells and killing events
(Fig. 7E and ESIT Movie $10). From the results of section 4.6,
we already knew that the large A498 cells were able to
migrate over the dimpled microstructures. NK cells, however,
are smaller in size than a single dimple. Nevertheless, active
NK cells were observed to migrate efficiently over long
distances on the microstructured well bottom, whereas less
active cells remained inside the dimples. The killing of A498
cells was at first low, as NK cells had not yet reached their
first targets (Fig. 7F). After approximately 30 minutes, the
killing of targets started and continued throughout the assay.

This journal is © The Royal Society of Chemistry 2022
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After 6 hours, the fraction of dead target cells was almost
20%.

4.9 Summary of glass microwell arrays for live cell imaging
assays

We have evaluated three different types of LIDE-generated
microwell designs in single- and double-layer glass chips.
Both types of chips and all microwell designs can sustain
viable and proliferating cell cultures over multiple days, of
both suspension and adherent cell lines. The optical quality
of the glass chips allows for high-resolution imaging using
either wide-field or confocal microscopy, and detailed
analysis of subcellular structures is possible in flat bottom
wells but also in 3D microstructured surfaces in single-layer
glass chips. All types of tested microwells are suitable for
single cell studies, where U-wells provide the tightest
confinement for cell clustering and interaction between cells,
F-wells provide some freedom of motion but still with
proximity between cells, and dimpled U-wells provide more
vast space for long-distance migration but where the egg
carton-like dimples also can be used for lateral organization
of seeded cells. Still, in contrast to conventional multiwell
plates, the cells are always confined within the microwells
and the imaging field of view, enabling longitudinal studies
and accurate tracking over long periods of assay time. The
dense microwell arrays on the relatively small chip footprint,
also allow for rapid and efficient microscopy screening of a
high number of individual cells. Thus, LIDE-manufactured
glass microwell array chips may open the possibility for
conducting more advanced and up-scaled live cell imaging
assays for single cell analysis in the future.

4.10 Manufacturing challenges, advantages, and outlook

One characteristic of microwells produced by LIDE is the
tapering of the sidewalls, which depends on the type of glass
that is used and processing parameters. The tapering is
clearly visible in our F-wells and U-wells. Typical taper angles
are <8°. However, it has been demonstrated that straight
side walls can be achieved through optimization for similar
processes.” Another characteristic is rounded bottom
profiles in blind holes. This is similar to what is achieved
with conventional wet etching of glass,*® but in contrast, the
U-wells provide a unique combination of the rounded bottom
profile with deep, high-aspect ratio wells, which is difficult to
achieve with other methods.

Combining U-wells into composite structures can generate
large wells, even exceeding microscale dimensions, with
novel microstructured bottom surfaces, as demonstrated with
the 1 mm wide dimpled U-wells. These surface
microstructures can be minimized by reducing the pitch of
the laser pulses to achieve near flat surfaces, or further
utilized, for example by varying the pitch for making surface
microstructure gradients. Currently, it is challenging to
achieve a completely flat bottom surface in single glass layer
microwells. For that purpose, double-layer designs like our

Lab Chip, 2022, 22, 2107-2121 | 2119


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00090c

Open Access Article. Published on 07 April 2022. Downloaded on 12/4/2025 4:03:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

F-wells can be used, resulting in a flat microwell bottom that
is optically ideal for high-resolution microscopy.

LIDE offers essential advantages over conventional and
state-of-the-art glass microfabrication processes. Each
modification is introduced using only a single laser pulse.
This minimizes laser-induced stress and defects, such as
micro-cracks that are typical for laser ablation of glass. The
subsequent etching step completely removes all laser
modified glass and any potential laser-induced defects. In
this way, defect-free microstructures are generated with
native glass material properties, and the mechanical strength
remains intact. The combination of high frequency laser
pulses with subsequent bulk etching in batches also enables
significantly higher throughput than conventional laser
ablation or laser-induced selective etching using
photosensitive glass, like FLAE or PLAE.

LIDE is a digital technique that does not require physical
masks or other layout specific tools for each new design, so
both prototyping and high-volume manufacturing is cost-
efficient. It is also versatile as it can be used for both small
and large structures going only partially or all the way
through the substrate. The type of glass can be selected
based on requirements of the application, instead of
requirements of the fabrication method, and cell compatible
and low-cost materials are widely available. Thus, LIDE can
be explored for new types of glass microwell array designs for
life sciences and may also enable a seamless translation of
academic research to healthcare and commercial
applications.

5. Conclusions

With this work, we have introduced LIDE as a glass
microfabrication technique for producing microwell array
glass chips. We have demonstrated microwells with unique
well designs and evaluated them in several live cell imaging
assays. LIDE enables the realization of miniaturized devices
in pure glass with a range of possible designs and 3D
microstructured surfaces that can be tailored for different
types of usages. The simplicity, versatility, and high quality
in manufacturing make such glass devices, especially
microwell array chips, suitable for a range of applications,
stretching from cell line development, drug development and
screening to diagnostics and precision medicine.
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