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Abstract

Microwell technology has revolutionized many aspects of in vitro cellular studies from 2-
dimensional (2D) traditional cultures to 3-dimensional (3D) in vivo-like functional assays.
However, existing lithography-based approaches are often costly and time-consuming. This study
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presents a rapid, low-cost prototyping method of CO» laser ablation of a conventional untreated
culture dish to create concave microwells used for generating multicellular aggregates, which can
be readily available for general laboratories. Polymethylmethacrylate (PMMA),
polydimethylsiloxane (PDMS), and polystyrene (PS) microwells were investigated, and each
produced distinctive microwell features. Among these three materials, PS cell culture dishes
produced the optimal surface smoothness and roundness. A549 lung cancer cells were grown to
form cancer aggregates of controllable size from ~40 to ~80 pm in PS microwells. Functional
assays of spheroids were performed to study migration on 2D substrates and in 3D hydrogel
conditions as a step towards recapitulating the dissemination of cancer cells. Preclinical anti-
cancer drug screening was investigated and revealed considerable differences between 2D and 3D
conditions, indicating the importance of assay type as well as the utility of the present approach.
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1. Introduction

Three-dimensional (3D) tissue-like cultures are now widely used as in vitro models of in
vivo cellular functions such as embryonic development, wound healing, and malignancy.
Compared to a two-dimensional (2D) monolayer culture, a 3D model better mimics the in
vivo tissue-like cellular features in morphology, cell-cell interaction, signal transduction and
mechanical stimulation, thus providing a physiologically and pathologically relevant
environment.[X] Multicellular 3D aggregates have proven useful as a model for directing
specific cell lineages using embryonic stem cell-formed embryoid bodies,[? and studying
collective cell migration in cancer.[3]

Research on multicellular cancer spheroids (MCSs) or aggregates (MCAS) has resulted in
new insights into the processes of cancer metastasis. These MCAs share common features
with carcinoma in vivo and provide a better platform for studying chemo- and radio-
resistance of tumors. One example is the screening of therapeutic drugs via cancer cell-
formed MCAs.[4] In particular, considering that cancer metastasis is initiated by cell
dispersion from a solid tumor,[5] which is a typical feature of epithelial-mesenchymal
transition (EMT),[8] recapitulating cell dispersion from multicellular aggregates provides a
potentially useful in vitro model in the search for drugs that inhibit cancer cell
delamination.[40]

There are several established systems for culturing multicellular aggregates. A widely
utilized class of methods is stationary suspension culture, e.g. non-adherent surface,
spinning dish/flasks,l” or hanging drop methods,[8] for ease of aggregate generation.
However, the disadvantage of these methods is that a non-adherent surface fails to control
aggregate size precisely. Additionally, spinning dish methods may pose detrimental levels of
shear stress to delicate cell lines such as embryonic stem cells (ESCs). Hanging drop
methods can grow aggregates with consistent size; however, scaling up the number of
aggregates is cumbersome, and changing media without disturbing aggregates can be
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difficult. Furthermore, acquisition of time-lapse images for a particular aggregate is a
challenge.

Given recent advances in microfabrication technology, microwells have become a viable
alternative, providing a high-throughput method of culturing size-controllable cell
aggregates.[®l In general, a non-adhesive substrate with defined microstructure is used to
isolate cells and allow them to cluster and grow into compact multicellular aggregates
through cell-cell adhesion. This arrangement allows convenient observation of each
aggregate and change of medium. Chips fabricated by soft lithography can also be used to
control the distribution of cells and grow aggregates in a lab-on-a-chip platform.[10]

Laser fabrication offers an alternative to lithography-based approaches for microfabrication,
but application of this technique to create microwells is relatively rare.[*] Current microwell
approaches based on lithographic fabrication require either chemical etching with special
equipment and cleanroom facilities or a silicon master for replica molding. From an
economic perspective, even minor changes in the design require a cumbersome and
laborious process accompanied by a significant increase in the cost of fabrication and
materials. Recent studies using 3D laser printing[1dl or CO laser ablation[2] in microwells
attempted to minimize fabrication complexity; however, in these studies an accessory
bonding!*2! or replica molding[14] process was still needed. Furthermore, irregular
microwell shapes with rough structures were observed,[22] which may potentially be harmful
to cell growth.

In this work, we present a rapid and economical strategy for creating concave microwells in
conventional culture dishes for generating 3D MCAs (Figure 1). To demonstrate the utility
of this approach, these MCAs were used for screening anti-cancer drug compounds. We
used a CO, laser that directly “writes” microwell structures with the desired diameter and
depth in less than a second (see Experimental section and Figure 1a). Microwell patterns
produced by CO, laser ablation were studied on three types of conventional substrates,
namely polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS), and polystyrene
(PS). Microwell diameter and depth, geometry, and surface roughness were all considered in
order to identify the most suitable material for generating microwells. We found that similar
size and shape of microwells can be produced under different combinations of laser
parameters. To validate our microwell system for generating an in vitro 3D tumor model, the
formation of MCAs using a human lung cancer cell line (A549) was characterized under
different cell seeding concentrations. Functional studies were carried out to investigate the
A549 MCAs in terms of migratory behaviour on 2D cell culture substrates and in 3D
hydrogel conditions. As a potential application in preclinical drug screening, anti-cancer
drug CI-1033 was administrated to study cellular response in A549 MCAs in 2D and 3D
conditions.

2. Results and Discussion

2.1. Fabrication and characterization of microwells

The primary purpose of this study was to develop a rapid and economical microwell
prototyping technique for 3D MCA generation. Performance criteria for microwell
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formation are (i) low-cost and suitability for cell growth, (ii) geometrical symmetry with
sufficient volume to contain the requisite number of cells for forming aggregates, (iii) low
surface roughness to prevent damage to the cell membrane.

An initial series of tests were conducted to determine the proper laser scanning speed (see
Supporting Information and Figure S1). Conventional materials of PMMA, PDMS, and PS
substrates were further studied and evaluated according to above criteria (Figure 2 and 3).
Representative side views of microwell features (Figure 2a) show significant differences in
the microwell geometry from different substrate materials. Both PMMA and PDMS
microwells yielded a more conical shape with increasing laser power. PS microwells, in
contrast, consistently exhibited a curved concave shape at the bottom. In addition to the
dimensions W and D, fabricated microwells were characterized in terms of their aspect ratio
AR = WI/D (Figure 2b). Results indicate that PDMS and PS microwells present similar
trends in both diameter and depth, resulting in comparable AR; AR =4 at 1 Watt and AR =
1 at ~2-4 Watts. In contrast, PMMA shows a limited change in diameter but a major
increment in depth, making the AR below 1 for almost the full range of laser power
observed.

Isometric-view SEM images were examined for the three materials to elucidate its surface
profile in detail (Figure 3). Microwell arrays demonstrated unique well geometry formed by
each material (Figure 3a, d and g). PMMA microwells exhibited an irregular edge, debris,
and micro-pores distributed over the entire internal surface (Figure 3b). The inner surface
structure was confirmed through PDMS replica molding, showing elongated microwell
structures with rough surfaces and high AR (Figure 3c). PDMS and PS microwells, in
contrast, possessed a smooth surface (Figure 3e and h), and PS additionally showed
axisymmetric wing structures residing at the edge of the microwell. The inner surface of
PDMS revealed a cone-shaped bottom (Figure 3f). PS, on the other hand, displayed a clean
and gentle concave curved bottom (Figure 3i).

These three materials revealed distinctive microwell geometry and structure after laser
ablation. Pore formation on PMMA was a consequence of MMA monomer decomposition
and expansion within the heated region (Figure 2c). These volatile products formed bubbles
at the surface of solidified PMMA[13] similar to what was observed in another ablation
study.[24] The geometric difference between cone-shaped PDMS and concave PS microwells
was mainly due to the different thermal diffusivity and conductivity of the materials (Figure
2f and i).l13] Protruding structures are observed at the edge of each PS microwell, which can
be attributed to the gradient in surface tension of PS caused by the temperature gradient
created during the local laser heating process.[16] The laser beam was slightly elliptical in
shape and therefore created an asymmetric heat-affected zone as it evaporated the PS
material. The surface-tension-driven force resulted in a slightly non-axisymmetric
accumulation of molten liquid PS and formed a recast region after resolidification (Figure
2h).[17] Since a majority of cells are grown in the middle of the concave zone, recast areas
residing at the sides of PS microwells should rarely cause any significant effect on cell
growth. The ability to observe cells was adversely affected in PDMS microwells due to their
cone-shaped bottom (Figure 3f). PS microwells, with a gentle curvature at the bottom, were
considered to be much more favorable for monitoring cells in real-time (Figure 3i).

Adv Healthc Mater. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tuetal.

Page 5

Moreover, curved microwell structures have been reported to promote the formation of
aggregates of more uniform size and shape.[%°]

Our findings suggest that among the three most commonly used cell culture materials, PS is
preferred in terms of its material properties, microwell structure and morphology. In
addition, PS is the most commonly used material in tissue and cell culture research,[112. 18]
and has previously been used for thermal molding by a CO, laser for various biological
applications.[!1a] The PS chosen in this study is from untreated cell culture dishes, which are
intended for growing cells in stationary suspension, and are therefore both economical and
readily available.

2.2. Generation of MCAs

Ab549 lung cancer cells were seeded in the 100 x 100 array of PS microwells in an untreated
cell culture dish to test their ability for MCA formation. The process of cell aggregation was
directly observed from d1, the day of seeding cells, to d5 (Figure 4a-c). On d1, ~20 cells
were observed in each microwell, and the morphology and distribution of individual cells
and cell aggregates were observed (Figure 4a). Due to the confinement by the microwell,
cells formed loose cluster. From d1 to d4, cells were observed to gradually maximize
adhesion with other cells to form a loose aggregate, with increasingly blurred cell-cell
interfaces (Figure 4b). Compact MCA could be observed in d4 or d5 (Figure 4c). Surface
topography of MCAs at d5 was characterized using SEM (Figure 4d and e). Results showed
that cells compactly associated with each other, forming an MCA as an integral in vivo-like
tissue. Retrieved MCAs were also stained with live cell fluorescent marker to test their
viability. Results suggested that the MCAs remained viable after culturing in the microwells
for 5 days (Figure 4f).

Our data demonstrate that PS microwells are capable of growing size-controllable 3D MCA
using an A549 lung cancer cell line. We have tested different cell lines in our PS microwell,
e.g. bladder cancer cells, breast cancer cells and embryonic carcinoma, revealing reliable
MCA formation (data not shown). On an untreated surface that does not facilitate cell
adhesion, cells preferentially favor cell-cell adhesion and form smooth aggregates (Figure
4a- ¢).[1%1 The specific morphology of the resulting MCAs varies with cell number,
microwell dimension, and different cell linest4l. The A549 line used in this study forms
MCAs (below ~20 cells per microwell) that are not smoothly spherical but remain intact
during subsequent manipulation (Figure 4d-f).[20]

Other factors influencing the diameter of MCAs were examined using the PS concave
microwells of width 117 pm (M, microwell) and 229 um (M, microwell) corresponding to
laser powers of 2W and 5W, respectively, with the cell seeding concentrations of 1, 5, and
10 x 104 cells/ml (Figure 4g and h). Results showed that MCA diameter increased with
increasing cell seeding density in My microwells, spanning from ~60 um to ~80 um (Figure
4q); in contrast, the My microwells produced MCAs of diameter ~40 um for all three
seeding densities. The probability of MCAs forming at different cell seeding concentrations
was also compared (Figure 4h). M, microwells demonstrated a consistent ~80 to 90%
probability of forming MCAs for all seeding densities (1, 5 and 10 x 10% cells/ml). For the
M1 microwells, in contrast, the probability of MCA formation varied with seeding density.
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Those microwells lacking an MCA contained either no cells or only dead cells (data not
shown).

The different MCA populations between My and My microwells may be partially explained
by the different number of cells trapped in the microwell. Immediately after cell seeding, My
microwells typically contained ~5 to ~8 cells, while M, wells contained ~10 to ~20 cells.
Another possible explanation is that both types of microwell were fabricated in a 100 x 100
grid with 0.5 mm spacing, resulting in a lower fraction of total surface covered for My
microwells (Figure S2), such that more cells would settle in the empty space between M,
wells without seeding in the microwells. M1 microwells were also found to have lower
probability of forming MCAs (Figure 4h). This result can be explained by noting that My
microwells were not only smaller in width but also in depth in a given AR = 1. For this
reason, during medium change or when transferring the microwell plate from incubator to
cell culture hood, more cells may have been disturbed and displaced from the microwell.
Such a situation could be compensated for by using a higher cell seeding density or a more
closely packed microwell pattern. The present findings (Figure 4g and h) may help to guide
the choice of a particular size of microwell to obtain the desired size of MCA with sufficient
frequency of its formation. For instance, to make ~40 um MCAs, M1 microwells at a cell
concentration of 10 x 10* cells/ml would be an appropriate choice to ensure high probability
of MCA formation, while for ~80 um MCAs we may choose M, microwells with a seeding
concentration of 10 x 10* cells/ml. The results can serve as a reference to optimize size-
controllable MCA formation in the future.

2.3. MCA migration assay

To demonstrate the functionality of the formed MCAS, we chose to study two typical
applications, cell migration and drug screening. Cell dispersion from aggregates and
subsequent migration play a pivotal role in a variety of physiological and pathological
processes. The dissemination of cancer cells from a solid tumor is an essential step for
invasion and metastasis of tumors. Moreover, cells preferentially leverage different
mechanisms in migrating in a 2D or 3D environment.[21] Therefore, functional studies of
cancer cell migration could potentially assist in the understanding of such invasion process.
To explore this, we studied cell migration both on a 2D substrate and in a collagen-based
ECM 3D environment.

In the 2D migration assay, A549 MCAs were seeded on a polystyrene cell culture substrate
and imaged from 2 - 24 h (Figure 5a). Migration was initiated by cells attached to the
substrate, defined as a “precursor film”.[22] Tracking the motion of each cell revealed that
the MCAs consistently spread in a radial fashion (Figure 5b). During the process of A549
MCA spreading, the precursor film maintained cell-cell contact and migrated collectively
for 8 - 10 h. Large filopodia were observed at the front film edge (Figure 5c). Collective
migration was gradually superseded by individual cell mobility as cells began to escape
from the outer edge (Figure 5d).

To examine the kinetics of evolution of the monolayer, we pursued an analytical approach
similar to that described by Douezan et al. to quantify MCA spreading on a planar substrate
by measuring spreading area while cells migrated in the collective mode during the first 10 h
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(Figure $3).122] Spreading area of the precursor film at each time point is proportional to the
initial size of the MCA, in that larger aggregates spread faster than smaller ones (Figure
S3a). We also examined the influence of EGF addition on the precursor film. As expected,
results exhibit faster migration with added EGF independent of aggregate size (Figure S3b).

Previous work has shown that the cell aggregate spreading on a 2D planar substrate can be
described as a competition of cell-cell and cell-substrate adhesion.[23] Douezan et al. further
demonstrated that the aggregate spreading process resembles a liquid-gas transition that
depends on the cohesiveness of the aggregate.[22] Our results further support that this
transition occurs consistently with varied MCA size but varies with cohesion strength
(Figure S3b). One explanation for this result is that MCA cohesiveness was altered due to
the addition of EGF. EGF is known to promote E-cadherin endocytosis,[24] as well as to
repress E-cadherin transcription in a short time.[25] The loss of E-cadherin resulted in
reduction of cell-cell adhesion energy, which preferentially caused aggregates to dissociate.

In addition to the 2D assay, migration in 3D was observed by embedding A549 MCAs in
native type I collagen (Figure 5¢). Migration in 3D was confirmed by observing their
trajectories and morphologies over 24 h (Figure 5f). In the first 2 - 4 h, some protrusions
extended into the gel matrix (indicated with arrows) to present at the surface of the MCA
(Figure 5g). After 4 h, cells in the aggregate started to move, subsequently causing a
rearrangement in MCA shape. Elongated multicellular protrusions later formed as the cells
migrated outwards. These pseudopodia- or invadopodia-like protrusions from the MCAs are
actin-rich structures important in cancer cell migration and invasion.[26] In most cases, the
MCA then broke into two or three multicellular pieces, and individual cells also began to
escape from the aggregate (Figure 5h), showing that cells depend on different mechanisms
when migrating in the matrix.[27]

2.4. Screening of migration-inhibition drug

Despite the distinct functional behavior of 2D and 3D migration on MCAs, studies have also
demonstrated that MCAs showed dramatically different responses to drug treatment:[9a 20a]
To demonstrate the ability to screen drugs according to their effect on cell migration, we
treated MCAs with EGF and tested the inhibitory activity of EGFR tyrosine kinase
antagonist. C1-1033, a pan-ErbB tyrosine kinase inhibitor, has been reported in a number of
Phase | and Phase 11 clinical trials in patients with non-small cell lung cancer.[28] The
influence of CI1-1033 on MCA dispersion was investigated under the two conditions
described above. Using as a baseline for comparison the condition where only EGF was
applied, the change of cell dispersion index A (see Supporting Information and Equation
S8), a measure of the size of the region of cell spreading, was used as an indicator of the
effectiveness of the drug. For different drug concentrations applied in the two conditions,
normalized dispersion (Equation S9) was plotted against time (Figure 6).

Both 2D and 3D migration increased with time except in cases of complete inhibition of
dispersion for high doses of CI-1033. The growth rate of cell dispersion is inversely
correlated to the dimensionality of the environment and the dose of CI-1033. Cells in 2D
migrated more than cells in 3D at all concentrations of drug (Figure 6a). Also, full inhibition
of cell migration in 2D conditions required a ~50 uM dose of CI-1033, two orders of
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magnitude higher than the dose of ~0.5 UM needed to inhibit migration in 3D (Figure 6b).
Data at the 24-h endpoint are plotted against the dosage to obtain a dose-response curve
(Figure 7), and to determine the effective dose of CI-1033 for dispersion inhibition. Curve
fitting results revealed that the IC50 value dropped from 3,000 nM in 2D to 30 nM in 3D.
Results suggest that preclinical drug screening could be applied by using this 3D MCA
model.

The 2D dispersion assay relies on different mechanisms for cell migration and differs
considerably from the 3D assay in terms of A549 MCA response. As a result of a
competition between cell-cell and cell-substrate adhesion, MCA 2D migration was more
strongly affected by MCA size and choice of substrate. These factors showed less effect on
MCAs encapsulated by ECM in the 3D assay, where matrix metalloproteinases (MMPs) for
ECM remodeling are known to be an important factor in addition to the strength of adhesion
and cohesion. Our data show that compared to a 2D environment, the concentration required
for inhibition of cell dispersion, as reflected by the IC50, fell by a factor of nearly 100 in 3D
conditions (Figure 7). In contrast, in a different experimental setup studying cytotoxic drug
resistance, A549 MCAs showed a ten to hundred fold change in resistance than that of
monoculture.[2%2] These results underscore the importance of different assay types for
MCAs as well as the practicability of our platform for future drug screening applications.

Despite the many advantages of our present approach, some limitations should be addressed:
(i) The size of the microwell is confined to ~100-400 pm due to the laser beam size. (ii)
Thermal processing created a recast zone that resides on the surface area and reduces the
number of PS microwells that can be created on a given surface area. (iii) MCAs must be
retrieved manually, a problem common to other microwell methods.

The PS microwell dish presented is manufactured directly by patterning with a desktop CO,
laser, requiring no additional fabrication processes. Drilling a microwell requires less than
500 ms, and a pattern of 1,000 microwells can be generated in 2.5 min. Our approach of
manufacturing a microwell array from a Petri dish facilitates liquid handling and ensures
ease of material access suitable for most biological and medical laboratories. The PS dishes
that we used in this study could be reused as many as five to seven times. This microwell
technique can potentially be integrated with a microfluidic system. Using this approach,
medium and reagent could be exchanged rapidly and conveniently. Potential drug screening
assays may be performed within the microfluidic setup, eliminating the need to retrieve
aggregates from the wells. The small channel volume of microfluidic devices could allow
minimal consumption of expensive compounds. With proper design of fluidic
compartments, individual environment conditions could be created for each MCA in a
microwell to attain high-throughout screening.

3. Conclusions

We have presented a simple, economical and high-throughput method for concave
microwell prototyping on a conventional culture dish. Microwells generated by CO» laser
ablation on PMMA, PDMS and PS materials were investigated. PS revealed the best surface
smoothness and roundness among these three materials. A549 MCAs were successfully
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generated in the PS microwell, and aggregate size could be controlled. MCA migration was
examined in 2D and 3D conditions showing distinctive migration patterns due to the
environmental dimensionality. Pre-clinical therapeutic anti-cancer drug screening was
performed to identify the effective dosage for 2D and 3D conditions. This technique has
potential applications in generating 3D multicellular aggregates for both basic and
translational research in the future.

4. Experimental section

Microwell prototyping

Microwell prototyping was implemented using a commercial air-cooled 10.6 pm CO, laser
engraving/cutting system (VLS-2.30, Universal Laser System Inc., U.S.A.) with high power
density focusing optics and maximum output power of 10 W. The focused laser beam was
operated in TEMOO mode, ablating the material surface to directly pattern the substrate of
interest. Laser energy was capable of heating all tested surfaces sufficiently to melt and
gasify. The melted surface was purged by laser pressure in a Gaussian distribution
producing a lip around the circumference of the ablated zone and a concave well-like space
in the middle suitable for cell docking (Figure 1a). Wells were characterized by their top
opening width W and top-to-bottom depth, D.

Multi-well patterns were designed using commercial software (AutoCAD 2007, Autodesk
Inc.) and transferred to the laser system. Patterns used for the present study contained 100 x
100 microwell arrays spaced 0.5 mm by 0.5 mm. Laser scanning was performed by a XY
mobile Focus Carriage (FC) travelling to the location of interest (Figurelb). The
characteristics of these microwells were assessed with the combinations of laser power and
scanning speed on PS material. With a desired laser output, microwells were generated on
PMMA (1 mm thick), PDMS (2 mm thick, Sylgard 184, Dow Corning), and PS (1 mm
thick, 90 mm untreated tissue culture dish, VWR). Microwells were washed with 70%
ethanol for both disinfection and bubble removal, and then washed twice with PBS to
replace the ethanol and to clean debris from laser fabrication. The fabricated PS microwells
were preserved in PBS solution before use.

Cancer cell culture

A549 human lung adenocarcinoma epithelial cells transfected with histone H2B-mCherry
cDNA for nuclear staining were cultured in a T75 flask (Nunclon™A Surface) in Dulbecco's
modified Eagle medium (Gibco/Invitrogen 12100) supplemented with 10% fetal bovine
serum (Gibco/Invitrogen), 1% penicillin-streptomycin. Puromycin 0.01% was added for the
selection of mCherry — expressing cells, along with the medium change every 36 h to 48 h.
For passage, cells at 80-90% confluency were detached from the culture flask by treating
with 0.05% trypsin—ethylenedinitriletetraacetic acid (Trypsin~-EDTA) at 37 °C in an
incubator for 3 min. Medium was then added to inhibit the enzymatic reaction of Trypsin-
EDTA. Sub-culture seeding density was kept at 2-3 x 10° cells/ T75 flask.
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Generation of MCAs

PS microwells were coated with a layer of anti-adhesive repellent using PBS with 0.2%
pluronic (Pluronic F108, BASF) for 1 h (Figure 1c).[2% Subsequently, the coated microwell
plate was washed twice with PBS to minimize free polymers in the plates.[3%1 The pluronic
coating has been shown to stably repel cell attachment for ~1 week during cell culture
incubation.[31] Cell suspensions, detached using the aforementioned procedure for passage,
were mixed with 10 ml culture medium and then added into the dish. After incubation for 1
h, cells that had not embedded inside each microwell were removed by exchanging with 10
ml of fresh medium (Figure 1d).[%] Culture medium containing 0.01% puromycin was
changed every 4 d. Cells embedded in each microwell would form aggregates through cell-
cell and cell-matrix adhesion (Figure 1e). Multiple MCAs were generated from a
conventional culture dish comprising a microwell array (Figure 1f).

Scanning electron microscopy

Surface structures of both microwells and MCAs were investigated using scanning electron
microscopy (SEM) (JEOL Ltd., JSM-6510LV). Prior to SEM imaging of the MCAs,
medium was aspirated and rinsed with PBS. MCAs were fixed using 0.1 M Na-Cacodylate
buffer, 2.0 % paraformaldehyde, and 2.5% glutaraldehyde applied for 4 h at room
temperature, then rinsed with 0.1 M Na-Cacodylate buffer on a shaker table for 10 min.
Post-fixation was done using 1.0% aqueous osmium tetroxide in 0.1 M Na-Cacodylate
buffer in a dark fume hood for 90 min, and followed by rinsing with 0.1 M Na-Cacodylate
buffer on a shaker table for another 10 min. Finally, samples were serially dehydrated by
different concentrations of ethanol (37%, 67%, 95%, and 100%) on a shaker table for 10
min each, followed by critical point drying (Balzers, BALSERS CPD 030) and platinum
sputtered in vacuum (JEOL Ltd., JFC-1600).

2D and 3D drug screening

A549 MCAs ~60 [.proportional]m in diameter were retrieved from the microwell dish.
~10-20 MCAs were seeded in individual wells of a 96-well plate, for both 2D and 3D
assays. For 3D assays, 200 pl collagen gel solution at a concentration of 2.5 mg/ml and pH
7.4 was prepared on ice with 123.8 pul type I collagen (4.04 mg/ml, BD Bioscience) mixed
with 29.7 pl cell culture water, 20 pl 10X PBS, 6.5[.proportional]l NaOH, and 20 pl medium
with MCAs.[321 MCAs were supplemented with DMEM medium that contained an
additional 20 ng/ml epidermal growth factor (EGF), and for a range of CI1-1033
concentrations: 0.1, 0.5, 1, 5, 10, 50, 100, 500, 1,000, 5,000, 10,000, 50,000, and 100,000
nM.

Image acquisition and analysis

3D image stacks of each MCA were acquired using confocal microscopy (Fluoview 1000,
Olympus) with a 10X objective (NA = 0.4) to take hourly images of cell dispersions over a
24 h period. Quantitative analysis of MCA dispersion was accomplished by image analysis
using Imaris software (Bitplane). Segmentation and calculation are described in detail in
supporting information.
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Figure 1.
Schematic diagram of the microwell fabrication process for generation of 3D aggregates (a)

INlustration of laser ablation process. Substrate is melted by CO5 laser energy distributed in a
Gaussian profile. The ablation leaves a concave well with a recast zone at its edge. (b) Laser
drilling via an XY mobile focus carriage travelling to the location of interest. (c) A thin layer
of pluronic was deposited to prevent cell attachment on the substrate. (d) Cell seeding. (e)
Formation of aggregates after 4-5 days. (f) A snapshot of microwell array pattern in a cell
culture dish.
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Figure 2.

Characterization of microwells on PMMA, PDMS, and PS. (a) Representative microwell
features with respect to a range of laser power from 1W-5W. For clarity, the reflection plane
is indicated in white dotted line. (b) Evaluation of diameter, depth, and aspect ratio of
microwell in different materials.
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Figure 3.
Isometric-view SEM images of microwells from three materials. A detailed surface profile

of a single microwell is presented (middle), along with a negative formed by PDMS replica
molding (right). (a)-(c) PMMA microwells exhibit a rough surface at the periphery and have
micro- pores distributed over much of the internal surface. (d)-(f) PDMS microwells exhibit
a smooth surface and a cone-shaped bottom. (g)-(i) PS microwells have smooth surface
characteristics with substantial recast material around the edge and gentle curvature at the
bottom.
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(f)

Live cell staining
(CMFDA)
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Generation and characterization of MCAs. (a)-(c) Cell cultures are shown 1, 2, and 5 days
after seeding. MCAs formed within 5 d. (d) SEM image illustrating the location of an MCA
in a PS microwell. (e) A close-up SEM image of an MCA reveals the surface properties. The
majority of cells clumped into a compact aggregate without distinct cell-cell interface
indicating maximized intercellular adhesion. (f) CMFDA live cell staining indicated good
cell viability and illustrates the shape of the MCAs. (g) Size correlation between MCAs and
different cell seeding concentrations in M4 and My microwells. (h) Probability of MCA
formation across different cell seeding densities in My and My microwells.
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Figure5.
Schematic diagram and cell migration path over 24 h in 2D and 3D conditions. (a) Diagram

of MCA:s in direct contact with the substrate, where dispersion occurs on the 2D surface. (b)
Single cells tracking over 24 h in 2D conditions. (c)-(d) Phase-contrast image of an MCA
spreading at 8 and 24 hour in 2D conditions. (e) Diagram of MCAS in 3D suspension in
native type I collagen. (f) Cell tracking over 24 h under 3D conditions. (g) Phase-contrast
image of an MCA embedded in 3D collagen matrix showing early formation of pseudopodia
at 2 h, indicated by arrows. (h) The same MCA broke up after 24 h, and a single escaped cell
was observed (indicated by the arrow). Color bars represent the position along the Z
direction.
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Figure®6.

Influence of C1-1033 on dispersion of A549 MCA in 2D and 3D conditions. Representative
samples show normalized dispersion over different concentrations at 2, 8, 16 and 24 h. (a)

2D conditions. (b) 3D conditions.
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Figure7.
Dose-response assays on dispersion of A549 MCA after 24 h CI-1033 drug treatment in 2D

and 3D conditions.
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