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MOTIVATION Personalized testing of drugs or immunotherapy is vital for the implementation of precision
medicine. Although the field has developed tremendously in recent years, there is still a lack ofmethods that
take advantage of benefits, such as low consumption of patient material or reagents, offered by miniatur-
ized in vitro analysis systems.
SUMMARY
Here, we present a methodology based on multiplexed fluorescence screening of two- or three-dimensional
cell cultures in a newly designed multichambered microwell chip, allowing direct assessment of drug or im-
mune cell cytotoxic efficacy.We establish a framework for cell culture, formation of tumor spheroids, fluores-
cence labeling, and imaging of fixed or live cells at various magnifications directly in the chip together with
data analysis and interpretation. The methodology is demonstrated by drug cytotoxicity screening using
ovarian and non-small cell lung cancer cells and by cellular cytotoxicity screening targeting tumor spheroids
of renal carcinoma and ovarian carcinoma with natural killer cells from healthy donors. The miniaturized
format allowing long-term cell culture, efficient screening, and high-quality imaging of small sample volumes
makes this methodology promising for individualized cytotoxicity tests for precision medicine.
INTRODUCTION

The goal of precision medicine is to provide healthcare with indi-

vidualized treatments based on analysis of patient-specific bio-

markers (Tsimberidou et al., 2020) that predict susceptibility to

anticancer drugs or immunotherapy. Data-driven searches for

new biomarkers based on sequencing or proteomics data will

not replace functional test but instead generate new hypotheses

that will require in vitro validation, increasing the need for high-

content screening with readouts based on functional responses.

One area where it has proven challenging to predict patient re-

sponses using biomarkers is immunotherapy (Ameratunga

et al., 2018; Chyuan et al., 2021; Fujii et al., 2018; Maleki Vareki,

2018; Maleki Vareki et al., 2017), where most treatments show

significant percentages of non-responders across multiple can-

cer types (Borcoman et al., 2019; Sharma et al., 2017). Therefore,

development of new methods for validating individualized treat-
Cel
This is an open access article under the CC BY-N
ments is urgently needed to personalize immunotherapy and to

advance precision medicine.

A key to reach this goal is the development of improved cell

culture tools that recreate in vivo environment and allow direct

assays using primary tumor and immune cells (Navin et al.,

2020). Three-dimensional (3D) cell cultures like tumor spheroids

have potential to mimic the tumor microenvironment and thus

better recapitulate and predict the response of anticancer ther-

apy (Hu et al., 2021; Kitaeva et al., 2020). There are multiple ap-

proaches to culture tumor spheroids, but the majority of tech-

niques are based on gravity, low adhesion, and curved

surfaces, such as ultra-low attachment plates and hanging

drop cultures, or more active approaches, such as magnetic ag-

gregation or stirring culture vessels (Nath and Devi, 2016). More

advanced models that also include components of the tumor

stroma have been developed for evaluating drug and immune

cell responses, although with limited screening capabilities
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Figure 1. Design of the microwell chip platform

(A) Illustration of the multichambered microwell chip, including numbers and letters to indicate the columns and rows of the 4 3 4 chambers.

(B) Cross-section illustrations of the chip with notations of dimensions and materials. Left: a single chamber (position D1) with a microwell array at the bottom is

shown. Middle: a microwell array is shown. Right: a single microwell is shown.

(C) Illustration showing the chip placed in a Ø 35-mm-round chip holder (the colored chambers illustrate the use of different experimental liquid conditions in each

chamber). The chambers are accessible for pipetting from above, and imaging is done from below by an inverted microscope.

(D) Illustration of the chip holder alone, with its 22-mm-wide slot for the chip visible in the middle of the holder.

(E and F) Photographs of the multichambered microwell chip (E) and of the Si-glass microwell chip without a bonded polymer frame (F).

(legend continued on next page)
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(Ayuso et al., 2021; Cui et al., 2020; Nashimoto et al., 2020).

Despite recent developments of sophisticated cell culture tools

combined with live cell imaging readout (Ayuso et al., 2019,

2021; Berg et al., 2019; Gopal et al., 2021; Lemon and McDole,

2020; Lin et al., 2020; Olofsson et al., 2018; Park et al., 2019;

Shelton et al., 2021; Wen et al., 2020; Zhou et al., 2020), it is still

rarewith assays thatmanage to combine high-content screening

over long periods of time with sufficient imaging quality to

examine cellular behavior with single-cell resolution.

Cytotoxicity screening is often done in different variants of

multiwell plates, which benefit from a standardized format and

compatibility with imaging instruments and liquid-handling ro-

bots. They combine ease of use with possibilities for multiplexing

and screening. However, plastic multiwell plates and U-shaped

wells that are designed for 3D spheroid cultures often suffer

from low optical quality. Furthermore, the large bottom area of

the wells limits live cell imaging analysis of dynamic cell events

since cells of interest can move out of the field of view (FoV) be-

tween time points. Moreover, most assays consume relatively

large volumes of expensive reagents and precious samples,

such as primary cells from tumor biopsies or blood that can be

difficult to retrieve and may only exist in low quantities.

The development of miniaturized systems, i.e., microwell and

microfluidic lab-on-chip devices, has enabled advanced live-cell

analyses in controlled microenvironments (Sinha et al., 2018). Mi-

crowells in particular feature stationary and geometrically

confined environments where single cells (Guldevall et al., 2010,

2016; Kim et al., 2019; Varadarajan et al., 2011; Yuan and Sims,

2016; Zhou et al., 2020) or small populations of cells (Chao et al.,

2020; Christakou et al., 2013; Fang et al., 2019; Prager et al.,

2019; Yang et al., 2017) are contained and imaged. In contrast

to conventional multiwell plates, the confined space available in

microwells facilitates localization, monitoring, and tracking of the

cells. This is particularly useful for efficient high-throughput

screening and time-lapse imaging at the single-cell level (Desalvo

et al., 2020; Zhou et al., 2020). In addition, manual handling of the

chipor rapidmicroscopystagemovementsduring screeninghave

little or no influence on the position of cells inside the microscale

wells, where the liquid remains stationary. However, many micro-

well devices have limitations in terms of long-term (>24 h), live cell

assays (Desalvo et al., 2020; Kim et al., 2019; Zhou et al., 2020);

simultaneous testing of multiple or multiplexed liquid conditions

(Desalvo et al., 2020; Fang et al., 2019; Guldevall et al., 2016;

Kim et al., 2019; Olofsson et al., 2018; Varadarajan et al., 2011;

Yang et al., 2017; Zhou et al., 2020); optical quality of the chip

(Chao et al., 2020; Desalvo et al., 2020; Fang et al., 2019; Varadar-

ajan et al., 2011; Yang et al., 2017; Zhou et al., 2020); and possibil-

ity for both 2D and 3D cell cultures (Chao et al., 2020; Desalvo

et al., 2020; Fang et al., 2019; Guldevall et al., 2016; Kim et al.,

2019; Varadarajan et al., 2011; Zhou et al., 2020).

Here,wepresent a set ofminiaturizedcytotoxicity screeningas-

says based on a new multichambered microwell chip that offers

the unique and flexible combination of rapid andmultiplexed cyto-

toxicity screening at low magnification of 2D and 3D cell cultures
(G and H) Scanning electron micrographs of a 6 3 6 microwell array in the botto

(I) Illustrations with a top-perspective view of the formation of 2D and 3D cell cu

monolayer cell culture, formation of a cell aggregate using USW in the microwel
with detailed analysis of single cells or intracellular proteins of in-

terest at high resolution, all in a single experiment. Four different

screening assays for drug and immune cell cytotoxicity are re-

ported. First, we demonstrate concentration response of an

ovarian cancer cell line treated with the commonly used microtu-

bule-stabilizingdrugpaclitaxel. Secondly, a long-termmultiplexed

drug cytotoxicity screen is performed using tumor spheroids from

ovarian or non-small cell lung cancer cell lines, with time-resolved

analysis of viability and apoptosis. Thereafter, we show long-term

cytotoxicity screeningof primary immunecells against renal carci-

noma spheroids. Lastly, we perform combinatorial treatments of

ovarian cancer spheroids to evaluate the synergetic anticancer ef-

fects between different drugs and primary immune cells. With this

work, we demonstrate a methodology with potential applications

in drug development and precision medicine.

RESULTS

Chip design for multiplexed assays in 2D and 3D live cell
cultures
Themultichamberedmicrowell chip presented herein consists of

two parts: a silicon (Si)-glass microwell array chip and a match-

ing multichambered polymer frame. The microwell chip with

frame has a footprint of 22 3 22 mm2 and includes 16 separate

liquid media chambers (Figure 1A). Each chamber has a bottom

width of 3.2 mm, a height of 5 mm, and a total volume of 58 mL

(Figure 1B). The liquid volume used in each chamber in this

work was typically 40 mL. The bottom of each chamber contains

an array with 63 6 microwells, giving a total number of 576 wells

per chip. The microwells have a width of 350 mm, a height of

300 mm, and a volume of 34 nL. Every microwell can accommo-

date a cell culture that is physically confined but shares the same

liquid as the neighboring microwells in the chamber. Thus, the

chip can provide 36 physically separated cell culture replicates

in 16 different liquid conditions. In contrast, a conventional

384-well plate accommodates a single cell culture per well, in

a liquid volume that is similar or larger compared with what is

used for the 36 cultures in a chamber on the chip.

The flat bottom of the microwell chip is made of 175 mm glass

with comparable optical quality to #1.5H microscopy coverslips,

which enables high-resolution imaging. The well array layout on

the chip was designed for rapid and efficient screening, but if a

specific experimental condition needs to be more closely exam-

ined, the chip allows for imaging at high magnification of selected

wells.

The chip is placed in a chip holder of a standard format that fits

in common microscopy stage inserts and mounting frames (Fig-

ure 1C). The holder has a central slot to accommodate themicro-

well chip, which rests on a small step around a centrally posi-

tioned open window in the holder (Figure 1D). The window

enables direct access to the underside of the chip for low- or

high-magnification objectives of an inverted microscope.

An assembledmultichamberedmicrowell chip is shown in Fig-

ure 1E, and a Si-glass microwell chip without a bonded polymer
m of a chamber on the chip (G) and of a single 350 mm microwell (H).

ltures in a microwell. From left to right: seeding of cells into a microwell, a 2D

l, and the resulting 3D spheroid cell culture are shown.
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frame is shown in Figure 1F. Scanning electron micrographs of

the microwell arrays (Figure 1G) and individual microwells (Fig-

ure 1H) confirmed that the arrays of wells were uniform. The

glass floor and Si walls of the microwells had no visible defects,

apart from the typical surface structures on the Si sidewalls from

the etching process. The chips were cleaned and re-used multi-

ple times for the experiments in this work, with no observed

chemical and biological residuals from previous experiments or

deterioration of the chip.

The microwell chips can be used for either 2D or 3D cell cul-

tures (Figure 1I) with typically 5–20 3 103 cells seeded in each

chamber, corresponding to a few hundred cells per microwell,

depending on the application. The well shape and chip materials

were designed for ultrasound-assisted formation of tumor spher-

oids (Christakou et al., 2015; Olofsson et al., 2018; Vanherber-

ghen et al., 2010). Time-averaged acoustic radiation forces in

an ultrasonic standing wave (USW) rapidly move the cells into

a centrally located aggregate, which matures into a tumor

spheroid over time. Addition of 2-methcryloxypropyl phosphor-

ylcholine (MPC), 3-methacryloxypropyl trimethoxysilane

(MPTMSi), and 3-(methacryloyloxy)propyl-tris(trimethylsilyloxy)

silane (MPTSSi), a non-adherent coating of the chip, helps the

formation of symmetrical spheroids that do not stick to the bot-

tom. This coating method has shown to be very efficient and

non-toxic for forming spheroids of various cell types (Olofsson

et al., 2018), and it also produces bioinert and drug-repellant sur-

face properties of polydimethylsiloxane (PDMS) (Nagahashi et

al., 2015; Uen et al., 2020).

Cell seeding and optimization ofmultiplex staining of 2D
cell cultures
Renal carcinoma A498-red fluorescent protein (RFP) cells were

seeded in each chamber of themicrowell chip, fixed, and stained

for F-actin and nuclei. In the same experiment, immunostaining

of microtubules was performed by combining the titration of pri-

mary and secondary antibodies. The chip was screened by

confocal microscopy, and the number of nuclei was assessed

in each well in each chamber (Figures S1A and S1B). No signif-

icant differences in the number of nuclei and in the fluorescence

intensity of RFP, F-actin, and DAPI were observed across wells

and chambers, demonstrating that the cells distributed evenly

in the multichambered microwell chip (Figures S1B and S1C).

The fluorescence signal from a-tubulin was measured, the

optimal antibody concentration was assessed (Figures S1D

and S1E), and high-resolution multi-color imaging provided a
Figure 2. Concentration response assay for 2D monolayers of ovarian
(A) Representative images of OVCAR8 2D monolayer culture in the multichambe

control (lower panel) at the concentrations indicated. Cells were stained with the v

(B) Specific viability after 72 h for OVCAR8 cells treated with paclitaxel at increas

resents the predicted curve with R2 = 0.99, LogIC50 = �7.77, and H value = 1.3

(C) Time course of specific viability of OVCAR8 cells exposed to different paclita

(D) Time course of the specific apoptotic index (A.U., arbitrary unit).

(E) Confocal images of OVCAR8 cells cultured for 8 hwith 13 10�6Mpaclitaxel (up

using conventional settings (left panel) showing microtubules (a-tubulin, gray) an

visualize the poles of the mitotic spindles (dots in magenta).

(F) Fraction of multipolar OVCAR8 cells after 8 h cell culture in increasing concent

ANOVA followed by Dunnett’s post hoc test (****p % 0.0001).

(G) Example images of tubulin and nuclei staining of OVCAR8 cells cultured for 8
detail visualization of the microtubule and actin filaments (Fig-

ure S1F). To assess the benefit of having multiple wells in each

chamber, we performed statistical analysis, where increasing

numbers of wells were included (Figures S2A–S2D). These ex-

periments showed that the chip could be used for robust cell

seeding and culture, multiplexed staining, screening, and

detailed analysis at cellular and subcellular levels. It also pro-

vided an optimized protocol for immunostaining of microtubules

that was used in the assay described in the next section.

Concentration response assay for 2D monolayers of
ovarian cancer cells treated with paclitaxel
Next, we performed a drug-response assay targeting ovarian

cancer cells with different concentrations of paclitaxel, a micro-

tubule-targeting agent that is commonly used to treat several

types of cancers, including ovarian or breast carcinoma and

non-small cell lung carcinoma (Ma et al., 2021; Weaver, 2014).

Its primary mechanism of action is to prevent microtubule depo-

lymerization with consequent cell-cycle arrest and death. A sec-

ondary mechanism of action is apoptosis due to metabolic

stress and mitochondrial damage (Gallego-Jara et al., 2020; Na-

wara et al., 2021).

We exposed OVCAR8 cells, cultured as 2D monolayers in the

microwells, to paclitaxel (Figure 2A). The response to treatment

was evaluated by live-cell imaging for 72 h, assessing cell viability

by measuring the intensity of the dyes tetramethylrhodamine,

methyl ester (TMRM) (viability) (Lemasters et al., 1999) and cas-

pase-3/7 (apoptosis) (Cen et al., 2008) over time. At the 72 h

endpoint of the assay, drastic decrease of TMRM intensity was

observed for paclitaxel concentrations higher than 1 3 10�7 M

(Figure 2A). We also noticed decreased TMRM signals in the con-

trol with highest DMSO concentration (1 v/v%; Figure 2A), so this

condition was excluded from further analysis. The background

corrected and normalized TMRM signal was used to define the

specific viability. A concentration response curve of the specific

viability at 72h fitted to theHill equationgavean inhibitory concen-

tration (IC50) of 1 3 10�7.8 M (Figure 2B).

Plotting the specific viability over time showed that paclitaxel

doses R1 3 10�8 M reduced OVCAR8 viability to different ex-

tents and with different timing (Figure 2C). Untreated cells, as

well as cells exposed to paclitaxel concentrations lower

than 1 3 10�8 M, kept proliferating, indicated by increased

signals of TMRM over time. In fact, small doses of paclitaxel

(%1 3 10�9 M) seemed to increase proliferation and thus the

specific viability relative to controls (Figure 2C). The apoptotic
cancer cells treated with paclitaxel
red microwell chip 72 h after the addition of paclitaxel (upper panel) or DMSO

iability dye TMRM (magenta) and the apoptosis indicator caspase-3/7 (green).

ing concentration fitted with the Hill equation to evaluate IC50. Dotted line rep-

4.

xel concentrations for 72 h.

per panel) or without drug (lower panels). 3D rendering was performed in Imaris

d nuclei (DAPI, cyan) or surface rendering with filament analysis (right panel) to

rations of paclitaxel (n = 36 per concentration). Statistical method was one-way

h in different concentrations of paclitaxel.
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index, calculated from the background corrected and normal-

ized caspase-3/7 signal, showed transient signals of various am-

plitudes for paclitaxel concentrations R1 3 10�7 M, while little

apoptosis was observed for lower concentrations (Figure 2D).

Chromosome mis-segregation is one of the main mechanisms

of paclitaxel-induced cytotoxicity (Nawara et al., 2021; Zasadil

et al., 2014). To quantify this, OVCAR8 cells treated with paclitaxel

for 8 h, i.e., before the onset of substantial cell death, were stained

for a-tubulin and DNA following the optimized protocol from the

previous section (Figure S1) and imaged by confocal microscopy.

Cells treated with 13 10�6 M of paclitaxel showed up to five spin-

dle poles, distributed in multiple directions causing aberrant chro-

mosomal segregation, which was not observed on control cells

(Figure 2E; Videos S1 and S2). Consistent with the viability data,

the highest fractions of multipolar cells were observed for pacli-

taxel concentrations R1 3 10�7 M (Figures 2F and 2G).

Here, we performed a concentration-response drug assay,

quantifying the viability and the apoptotic index of tumor cells

exposed to paclitaxel. We demonstrated that our multicham-

bered microwell chip is compatible with live imaging over 72 h,

allowing the possibility to study the dynamics of drug-induced

cytotoxicity as well as high-resolution imaging to characterize

drug-induced phenotypic abnormalities in treated cells.

Ultrasound-assisted tumor spheroid formation followed
by multiplexed drug screening
To perform drug screening assays with 3D cell cultures, we used

USW-assisted formation of tumor spheroids previously devel-

oped in our labs (Christakou et al., 2015; Olofsson et al., 2018,

2021; Vanherberghen et al., 2010; Wiklund et al., 2014). A498

renal carcinoma cells were seeded and exposed to ultrasound

for 24 h, followed by 24 h of standard cell culture. Viable spher-

oids were obtained over the whole multichambered microwell

chip, and analysis of three independent experiments revealed

insignificant differences in A498 spheroid size and viability be-

tween different chambers and wells (Figures S3A and S3B).

Very low numbers of dead tumor cells were detected when

dissociated spheroids were analyzed by flow cytometry, indi-

cating that the spheroids contained no necrotic cores (Fig-

ure S3C). This observation is consistent with the small size of

the spheroids used here (�155 mm in diameter), since for most

cancer cell lines, necrotic cores become more prevalent in

spheroids with diameter >500 mm (Nath and Devi, 2016).

Tumor spheroids from two non-small cell lung cancer cell lines

(NCIH-1975 and HCC827) and two ovarian adenocarcinoma cell

lines (Kuramochi and OVCAR8) were formed in the chip and
Figure 3. Multiplexed drug screening targeting tumor spheroids

(A) Mosaic image of tumor spheroids labeled with TMRM (magenta) and caspas

addition of drugs. Spheroids of the cell lines NCIH-1975, HCC827, Kuramochi, a

fitinib (10 mM), paclitaxel (1 mM), or DMSO for another 48 h.

(B) Images of representative wells showing spheroid viability before the addition

(C) Time course of specific viability for tumor spheroids treatedwith A-1155463 (pi

graph.

(D) Time course of apoptotic index for tumor spheroids treated with A-1155463 (pi

graph.

(E) Total apoptosis for each drug organized in bar plots for each cell line. Values of

36 tumor spheroids, and the error bars represent SEM. Statistical analysis was d

0.01; ****p % 0.0001; ns, not significant).
treated with the following drugs: A-1155463, a highly potent and

selective BCL-xl inhibitor; gefitinib, an epidermal growth factor

receptor (EGFR)-specific tyrosine kinase inhibitor (TKI); and pacli-

taxel, the microtubule-stabilizing agent used in the previous sec-

tion. This combination of cell lines and drugs, together with the

concentrations to use, was based on drug sensitivity data previ-

ously collected from 2D cell cultures, drug sensitivity databases,

and literature research (Figure S3D; https://www.cancerrxgene.

org/; Lee et al., 2012). Our 2D data predicted sensitivity to gefitinib

for HCC827, to A-1155463 for Kuramochi, and to paclitaxel for

OVCAR8 (Figure S3D). NCIH-1975 was predicted to be less

sensitive to gefitinib compared with HCC827 (Lee et al., 2012).

An experimental scheme is shown in Figure S3E. While tumor

spheroids from all cell lines showed high degree of viability at

the beginning of the experiment, various extent of cell death

was evident after 48 h (Figures 3A and 3B). Partial cell death

was observed in NCIH-1975 treated with A-1155463 and gefitinib

after 48 h, while paclitaxel had no effect. As predicted, high sensi-

tivity to gefitinib was found for HCC827, with almost no live cells

detected in the wells after 48 h. Kuramochi showed partial

response to A-1155463 and gefitinib. OVCAR8 responded to

A-1155463 and paclitaxel (Figures 3A and 3B).

Following the specific viability and apoptotic index over time

revealed that A-1155463 in general induced fast responses

(within a few hours) in the sensitive cell lines (NCIH-1975, Kura-

mochi, and OVCAR8), while the responses to gefitinib (NCIH-

1975, HCC827, and Kuramochi) and paclitaxel (OVCAR8) were

delayed (Figures 3C and 3D). The apoptotic index reflects the

number of apoptotic cells present at a given time point, making

the signal transient and therefore sensitive to the timing of

assessment. As an alternative quantification of apoptotic cell

death, we estimated the total apoptosis as the area under the

curve of the caspase-3/7 signal during the 48 h (Figure 3E).

This confirmed that NCIH-1975, Kuramochi, and OVCAR8

were sensitive to A-1155463, while HCC827 was sensitive to ge-

fitinib. However, it also highlighted differences between the two

reporter dyes, as the specific viability at 48 h suggests that

NCIH-1975 is equally sensitive to A-1155463 as gefitinib (Fig-

ure 3C), while the total apoptosis only shows the sensitivity to-

wards A-1155463 (Figure 3E). We used the HCC827 total

apoptosis data to study how the number of analyzed wells

affected the statistical significance of the data (Figures S2E–

S2H). Whereas only a few wells were needed to reach significant

differences between gefitinib and DMSO, higher numbers of

wells were needed before combinations of wells indicating sig-

nificant differences appeared for the other conditions.
e-3/7 (green) distributed in the multichambered microwell chip 48 h after the

nd OVCAR8 were cultured for 48 h before exposed to A-1155463 (10 mM), ge-

of the drugs and after 48 h.

nk), gefitinib (teal), and paclitaxel (violet), with each cell line plotted in a separate

nk), gefitinib (teal), and paclitaxel (violet), with each cell line plotted in a separate

the specific viability, apoptotic index, and total apoptosis represent means from

one using one-way ANOVA followed by Dunnett’s post hoc test (n = 36, **p %
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The high-quality imaging data from the microwells allowed us

to determine that the caspase-3/7 signal was homogeneously

distributed in OVCAR8 spheroids treated with A-1155463 for

48 h (Figure S3F), confirmed by 3D confocal imaging of optically

cleared spheroids (Video S3). Control spheroids showed low

caspase-3/7 signal throughout (Video S4). This shows that the

control spheroids were viable without a necrotic core, and it in-

dicates that A-1155463 can diffuse into the spheroid and kill cells

in the center. In contrast, paclitaxel-induced apoptosis was

confined to the periphery of OVCAR8 spheroids (Figure S3G).

Using image-analysis-based DNA content quantification, we

have previously shown that cells in an active cell cycle stage

are more common in the cell layers close to the spheroid surface

(Olofsson et al., 2021). Thus, it is possible that paclitaxel-induced

apoptosis is preferentially observed in dividing cells in the pe-

riphery of the spheroids.

Here, we demonstrated the possibility of combining the pro-

duction of tumor spheroids from various cell lines with direct

testing of multiple drugs. By following the dynamics of target

cell viability and apoptosis complemented with optical clearing

and 3D confocal imaging, we could get insight into the mecha-

nisms of drug-induced cell death.

Immune cell killing of renal carcinoma multicellular
tumor spheroids over 64 h
Immunotherapy is one of the major breakthroughs in cancer

therapy in the last decade. One of the main challenges is to

improve the efficacy of immunotherapy in solid tumors, and to

do so, relevant in vitro model systems and assays are needed.

For this purpose, we developed a long-term live-imaging 3D im-

mune cell cytotoxicity assay in our multichambered microwell

chip.

Natural killer (NK) cells were chosen as effector cells, due to

their ability to rapidly recognize and kill tumor cells without histo-

compatibility leukocyte antigen (HLA) class I restriction, and

A498 renal carcinoma spheroids were used as target cells. Fig-

ure S4A gives a schematic overview of the experiment. In pres-

ence of NK cells (Figure S4B), A498 spheroids gradually lost the

TMRMsignal, while the caspase-3/7 signal increased (Figure 4A;

Video S5). In the absence of NK cells, no apparent variations of
Figure 4. NK-cell-mediated cytotoxicity of renal carcinoma spheroids

(A) Selected images from time-lapse sequences from two representative wells sh

activated NK cells (upper panel) or alone (lower panel). Images were recorded ev

before the addition of fresh newmediumwith or without NK cells. At that point, the

3/7 (green) were used as viability and apoptotic markers, respectively.

(B) Two examples of NK cell interaction and killing at the periphery of A498 sphe

external layer of the tumor spheroid is shown. Right: three NK cells (arrowheads) i

cells are readily detected in the transmitted light channel, and the apoptotic A49

(C) Overview of the 36 wells in two chambers at the end of the assay. Cell death,

(green), was observed inmultiple wells from the chamber containing amix of tumo

containing tumor cells alone.

(D) Apoptotic index plotted over time for A498 spheroids alone (black) or A498 s

(E) Viability plotted over time for A498 spheroids alone (black) or A498 spheroids

(F) Total apoptosis between A498 spheroids cultured alone (black bar) and A498

tistical analysis was by unpaired t test (n = 36, ****p % 0.0001).

(G) Viability of individual A498 spheroids alone (black) or A498 spheroids co-cultu

by unpaired t test (n = 36, ****p % 0.0001).

(H) Time-lapse sequences from two representative wells showing low NK-cell-me

no. 15, lower panel).
TMRM and caspase-3/7 signal were observed (Figure 4A; Video

S6). Due to the high image quality reached in the chip, it was

possible to get detailed views of individual NK cells inducing

target cell apoptosis in the outer layer of the A498 spheroids (Fig-

ure 4B). NK-cell-mediated A498 spheroid cytotoxicity was visu-

ally detected to various degrees in the 36 spheroids, while no

death was observed in the control chamber (Figure 4C).

The apoptotic index values significantly increased within a few

hours from NK cell addition, while only a small gradual increase

was detected in the control chamber (Figure 4D). The apoptotic

index reached a maximum around 26 h, after which the signal

declined (Figure 4D). The viability decreased with similar timing,

while A498 spheroids cultured alone tended to accumulate

TMRMdye over time, resulting in a small rise of the viability signal

(Figure 4E). About 50% viability was reached within 24 h, and at

54 h, a plateau, corresponding to approximately 30% of target

cells alive, was reached (Figure 4E). This could reflect that NK

cells became exhausted (Bi and Tian, 2017), leading to

decreased or a complete stop of killing.

The total apoptosis inNK-spheroid co-culturewas significantly

larger than for A498 spheroids alone (Figure 4F). A remarkably

high variation of A498 spheroid viability was observed after

64 h of NK exposure (Figures 4G and S4C). Whereas most of

the spheroids showed a percentage of viability between 20%

and 40%, a few spheroids had high viability (around 70%), and

others were almost completely dead (around 6%–10% viability).

Examples of this heterogeneity can be found in Figure 4H and

Videos S7 and S8, showing spheroids with low and high NK-

cell-mediated cytotoxicity. No significant correlation was found

between initial spheroid size and viability at 64 h (Figure S4D),

suggesting that this heterogeneity was driven by more complex

mechanisms.

In this section, we demonstrated an immune-cell-mediated

spheroid cytotoxicity assay in the microwell chip. Together

with screening of NK cytotoxicity, this also allowed the detection

of single NK cells interacting with tumor cells and visualization of

the details of tumor spheroid killing. The possibility of screening

36 wells for each condition led us to detect heterogeneity of the

NK cell response, showing the strength of acquiring many data-

points per condition in a single experiment.
owing representative A498 spheroids cultured either in the presence of IL-15-

ery hour for 64 h. Time point ‘‘0 h’’ corresponds to the pre-screen image taken

tumor spheroids had grown in the chip for 48 h. TMRM (magenta) and caspase-

roid. Left: an NK cell (arrowhead) in contact with an apoptotic A498 cell at the

n contact with a single apoptotic A498 tumor cell are shown. The unlabeled NK

8 cell has clear caspase-3/7 signal from the cell nucleus.

seen as decreased TMRM signal (magenta) and increased caspase-3/7 signal

r and NK cells (upper panel), while cell death was not detectable in the chamber

pheroids co-cultured with NK cells (pink). Error bars indicate SD.

co-cultured with NK cells (pink) (n = 36). Error bars indicate SD.

spheroids co-cultured with NK cells (pink bar). Error bars indicate SEM. Sta-

red with NK cells (pink) for 64 h. Error bars indicate SD. Statistical analysis was

diated killing (well no. 23, upper panel) and high NK-cell-mediated killing (well
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NKcell killing of ovarianmulticellular tumor spheroids in
combination with drug therapy
We have demonstrated the possibility to test multiple mono-

therapies in our microchip, adding a single type of treatment

per chamber. Combinatorial therapy, defined as a treatment mo-

dality that combines the use of multiple therapeutic approaches,

is emerging as an effective strategy against cancer. In the last

years, particular attention has been directed toward the use of

cellular immunotherapy in combination with antibody-based

treatments or more standard approaches, such as chemo- and

radiotherapy.

To enable in vitro analysis of combinatorial treatments, we

developed a miniaturized assay that combined NK-cell-based

immunotherapy with antibody treatment and standard chemo-

therapy against OVCAR8 in the microwell chip. OVCAR8 spher-

oids were exposed to human peripheral blood NK cells obtained

from three different donors with or without A-1155463, cetuxi-

mab, or paclitaxel. A-1155463 and paclitaxel were partially

effective against OVCAR8 spheroids in the previous 3D

screening assay (Figure 3). Since gefitinib did not show activity

against OVCAR8 (Figure 3), it was replaced with cetuximab. Ge-

fitinib and cetuximab are both EGF inhibitors but with different

mechanisms of action. Gefitinib acts intracellularly, inhibiting

the phosphorylation of tyrosine kinases associated to the

EGFR signaling pathway. Cetuximab is a chimeric monoclonal

antibody directed towards the extracellular domains of EGFR.

Its mechanisms of action include blocking of EGF binding and

EGFR dimerization, leading to inhibition of proliferation and tu-

mor growth, as well as promotion of NK and T cell anti-tumor ac-

tivity mediated by antibody-dependent cellular cytotoxicity

(ADCC). Therefore, if not effective by directly inhibiting the

EGFR pathway, cetuximab can still increase NK-mediated

cytotoxicity.

Flow cytometry showed that OVCAR8 cells were positive for

EGFR (Figure S5A). No significant differences in NK cells viability

or expression of activation markers were found on NK cells

treated with either A-1155463 or paclitaxel (Figure S5B). Inter-

leukin-15 (IL-15)-activated NK cells and drugs were added to

chambers containing pre-formed OVCAR8 spheroids, and

viability was monitored over 48 h by live-cell imaging (Figure 5A;

see experimental scheme in Figure S5C). Consistent with previ-
Figure 5. NK cell killing of OVCAR8 spheroids in combination with dru

(A) Images of OVCAR8 spheroids labeled with TMRM (magenta) and caspase-3/7

spheroids were grown in the chip for 48 h before drugs (one drug per column) and

D1), NK donor 2 (NK D2), NK donor 3 (NK D3), or no NK cells (no NK) are shown. F

(1 mM) are shown.

(B) Dot plot showing the specific viability of eachOVCAR8 spheroid (small symbol)

DMSO (circles), A1155463 (squares), cetuximab (inverted triangles), and paclitaxe

and donor 3 (blue). Mean values from all donors are shown as black bars. Repre

tistical test was by one-way ANOVA with Dunnett’s post hoc test (n = 3, *p % 0.

(C) Time course of specific spheroid viability during combinatorial toxicity assay

Each NK cell donor has been plotted in a separate graph in the order donor 1 (le

(D) Time-lapse images from representative wells showing OVCAR8 spheroids trea

cetuximab and NK cells from donor 1 (lower panel).

(E) Time course of the specific viability of OVCAR8 spheroids treatedwith cetuxima

3 (blue) individually fitted to an exponential decay function. Best fits are shown as

and R2 were tD1 = 15:8± 1:8 hours and VN; D1 = 14:2± 3:6%; R2
D1 = 0:80 for don

tD3 = 6:34± 0:58 hours, VN; D3 = 21:15± 1:4%, R2
D3 = 0:80 for donor 3.
ous experiments (Figure 3), A-1155463 and paclitaxel treatment

on their own induced OVCAR8 death, while cetuximab did not

(Figure S5D). In the absence of drugs, NK cells from all three do-

nors were effective in killing OVCAR8 spheroids, showing reduc-

tion of viability by 50%–60% (Figures 5B and S5E). Consistent

with previous results (Figure 4), heterogeneity in NK cell re-

sponses was observed between individual wells. NK cells iso-

lated from donor 2 were slightly less effective compared with

donor 1 and 3 in killing OVCAR8 in the absence of drugs

(Figures 5B and S5E). The NK cell populations that were used

in the screening assays were analyzed by flow cytometry to

check for phenotypic signatures that could indicate differences

in NK cell activation and maturation (Figure S5F). Among the

three donors analyzed, NK cells obtained from donor 2 showed

a more immature phenotype, with the highest percentage of

CD56Bright CD16� NK cells and lowest levels of the early activa-

tion marker CD69. NK cells obtained from donor 1 showed a

more mature phenotype, expressing high amounts of CD69.

Next, we analyzed OVCAR8 viability when combining NK cells

and drugs. The effects of A-1155463 and paclitaxel in combina-

tion with NK cells were small, reducing OVCAR8 viability around

10 percentage points compared with NK cells alone, while

the combination of NK cells with cetuximab led to almost com-

plete OVCAR8 death (Figure 5B). Differences between donors

could be observed also in the response to drugs (Figures 5B

and S5G). For instance, the combination with paclitaxel was

very effective for donor 3, while it had smaller effects for donors

1 and 2. The donor variation was minimal for cetuximab

(Figures 5B and S5G).

The effect of combinatorial therapy compared with NK cells

alone was detected after 4–8 h from the beginning of the assay

(Figures 5C and 5D). An exception was paclitaxel, where we

observed delayed cytotoxicity in all three donors compared

with the other treatments. Measurements of NK degranulation

against OVCAR8 showed that 48 h exposure to paclitaxel

reduced the levels of the degranulation marker CD107a on the

cell surface (Figure S5H). Thus, this indicates that there could

be an effect of paclitaxel on the NK cell killing machinery causing

the delay of cytotoxicity (Chuang et al., 1994; Mentlik et al.,

2010), even if previous experiments showed minor effects on

viability and phenotype (Figure S5B).
g therapy

(green) after 48 h of treatment with a combination of drugs and NK cells. Tumor

NK cells (one donor per row) were added. From top to bottom: NK donor 1 (NK

rom left to right: DMSO, A-1155463 (10 mM), cetuximab (10 mM), and paclitaxel

and themean values for each donor (big symbols) after 48 h from the addition of

l (triangles) in the presence of NK cells from donor 1 (orange), donor 2 (yellow),

sentative images for each treatment and donor are shown below the plot. Sta-

05).

with DMSO (black), A-1155463 (pink), cetuximab (teal), and paclitaxel (violet).

ft), donor 2 (middle), and donor 3 (right).

ted with cetuximab (upper panel), NK cells from donor 1 (middle panel), or both

b in the presence of NK cells from donor 1 (orange), donor 2 (yellow), and donor

dotted lines, and the corresponding values for time constant (t), plateau (VN),

or 1; tD2 = 7:7± 0:8 hours, VN; D2 = 24:3±1:8%, R2
D2 = 0:73 for donor 2; and
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Although there were only small variations between donors in

the outcome of the combinatorial treatment with cetuximab at

48 h (Figures 5B and S5G), the different donors showed different

killing dynamics (Figure 5C). For instance, the effect was faster

for donors 2 and 3 compared with donor 1. To better quantify

such differences, we performed curve fitting using a one-phase

exponential decay model and estimated a time constant t and a

predicted plateau (interpreted as the maximum effect) for each

donor (Figure 5E). We obtained the highest t value and lowest

predicted plateau for donor 1. In other words, the long-term effi-

cacy was predicted to be highest for donor 1, while short-term

efficacy was higher for the other donors. This shows that time-

resolved data could be important to understand cytotoxic mech-

anisms and synergism between treatments.

Assessing the susceptibility to different treatments for

different individuals is a key concept in precision medicine.

Here, we applied the same concept to cell-based immuno-

therapy and demonstrated the possibility to use the microwell

chip to test drug responses of NK cells from different donors.

DISCUSSION

In this work, we have presented a methodology for evaluation of

anticancer chemo- and immunotherapies based on four minia-

turized cytotoxicity screening assays in a new multichambered

microwell chip. Compared with conventional cell culture sub-

strates and miniaturized devices, the chip is unique by its design

and properties for long-term 2D or 3D cell culture, efficient multi-

plexed screening, and high-resolution microscopy, making it

possible to collect longitudinal, high-content data and to make

detailed observations at the subcellular level within a single

experiment. The chip enables significantly reduced consumption

of cells and reagents compared with standard multiwell plates,

yet it allows multiplexing and screening of several experimental

conditions. The high number of replicates that the microwells

provide in each chamber of the chip increases the possibility

to resolve statistically significant differences between condi-

tions. It also allowed us to capture heterogeneity in NK cell

response between individual wells. The number of simultaneous

conditions could be further increased by using multiple chips in

the same holder; a multiwell plate format would fit 22 chips,

i.e., 352 chambers and 12,672 microwells. In fact, the small foot-

print of the chip enables it to be adapted using bespoke holders

to most standard formats available on the market today,

including cell culture dishes, slides, and multiwell plates, making

it flexible for use in various imaging instruments.

First, we demonstrated a drug concentration response of the

microtubule-targeting agent paclitaxel in 2D cell cultures of

ovarian cancer cells. The concentration where we saw effects

were in the same range as paclitaxel concentrations found in-

tratumorally (1 3 10�6 M to 0.9 3 10�5 M) and in the plasma

(2.8 3 10�7 M to 0.8 3 10�7) of treated patients (Nawara

et al., 2021). High-resolution confocal imaging directly in the

chip showed that higher concentrations of paclitaxel induced

multipolar mitotic spindles and aberrant chromosomal aggre-

gation. Thus, this assay demonstrated both a drug concentra-

tion screen over multiple days and high-resolution phenotypic

cell characterization for better mechanistic understanding of
12 Cell Reports Methods 2, 100256, July 18, 2022
the drug effect. Since 3D cell cultures can reproduce factors

of the tumor microenvironment important for drug efficacy,

such as drug diffusion through multiple cell layers, cell metab-

olisms, and selective pressure exerted by the microenviron-

ment, they are rapidly becoming the standard for drug

screening. Therefore, we designed the second assay for multi-

plexed drug screening with tumor spheroids generated from

different target cell lines. This showed high susceptibility of

HCC827 and partial resistance of NCIH-1975 to gefitinib and

efficient killing of Kuramochi and OVCAR8 by A-1155463,

which was expected from previous experiments, corroborating

robustness of the method.

By following drug-induced cell death over time, we could cap-

ture dynamic differences. For instance, Kuramochi spheroids

showed similar levels of specific viability after 48 h of

A-1155463 and gefitinib treatments, while their levels of specific

apoptosis differed. The amplitude of the apoptosis signal from

caspase-3/7 was transient and very dependent on the time of

observation, showing the importance of time-resolved measure-

ments as opposed to screening at a single time point when using

this dye. The total apoptosis, calculated by integrating the cas-

pase-3/7 signal over time, could be used to get an overview of

the apoptotic death seen in different conditions. The signal

from TMRM, on the other hand, could be used in endpoint assay

to immediately assess cytotoxicity. However, valuable mecha-

nistical insight of the target cells death can be gained by looking

at both viability and apoptosis in parallel over time.

The high optical quality of the chip allowed us to show that

paclitaxel-induced apoptosis was localized mostly at the periph-

ery of OVCAR8 spheroids, whereas A-1155463 rapidly caused

cell death throughout the spheroids. This could be coupled to

limited diffusion of paclitaxel into the central parts of the spher-

oids, which is further supported by our observation and previous

reports that killing with the drug was less efficient in 3D

compared with 2D cultures (Hirst et al., 2018). Another contrib-

uting factor could be that cells in mitosis, and therefore more

sensitive to paclitaxel, are more often observed in the outer

layers of the spheroids. Overall, this assay showed the

complexity of drug cytotoxicity in the tumor microenvironment

and highlighted the importance of robust, time-resolved, high-

quality imaging of live cells to get dynamic and mechanistic

insight into drug cytotoxicity.

NK cell immunotherapies have emerged as a viable option to

T cell therapies for treating cancer with a reduced risk of graft-

versus-host disease and cytokine release syndrome (Shimasaki

et al., 2020). Different approaches are explored to enhance the

number, potency, and functionality of NK cells (Fang et al.,

2017), including for example engineered cells like chimeric anti-

gen receptor (CAR)-NK cells (Navin et al., 2020; Xie et al., 2020).

Nevertheless, problems such as development of resistance

frequently occur for patients receiving NK cell therapy, and the

efficacy is typically specific to each patient and disease

(Sordo-Bahamonde et al., 2020), which highlights the need for

personalized immunotherapy. To fully harness the potential of

cell therapies for cancer, it is critical to elucidate the immunosub-

versive mechanisms of cancer cells and heterogeneity among

donors and individual immune cells within populations (Vanher-

berghen et al., 2013).
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To address this, we developed a miniaturized NK cell cytotox-

icity screening assay. Importantly, only 2 3 104 NK cells and the

same amount of target cells were used in a single chamber for

cytotoxicity testing on36separate tumor spheroids. The lownum-

ber of primary cells needed is beneficial in clinical contexts, where

the availability of both tumor and blood samples is often scarce.

Despite high initial activity of NK cells against A498 spheroids,

killing slowed down or stopped completely, although a population

of tumor cells remained alive, indicating exhaustion of theNKcells

or a resistant subpopulation of target cells (Bi and Tian, 2017). We

alsoobservedhighvariation inNKcell killingefficiencybetween in-

dividual wells. At this point, we can only speculate, but we think

that this could be due to small variations inNKcell number leading

to a disproportionately heterogeneous response across wells or

heterogeneity among the NK cells, combined with intricate inter-

play between feedback loops triggering or dampening responses.

NK cells consist of different subsets, which might show different

properties in terms of proliferation, activation, cytokine produc-

tion, cytotoxic activity, and migration during tumor recognition

(Castriconi et al., 2018; Cooper et al., 2001; Stabile et al., 2017).

It is possible that the presence of a few particularly active NK cells

can drive early onset of killing that reshape the tumor microenvi-

ronment,which in turn triggers activation ofmoreNKcells, leading

to effective killing of the spheroid. On the other hand, the lack of

early NK cell killing and downstream activation may lead to low

overall killing. These complicated interplays highlight the need

for efficient in vitromodel systems and assays for detailed evalu-

ation of the factors shaping the tumor microenvironment and

how immune cells respond to it.

The fourth and final assay in this work was designed for evalua-

tion of combinatorial treatments with NK cells and different drugs.

This provided thepossibility toobserve variationsbetweenNKcell

donors and discriminate between short-term and long-term effi-

cacy. Such information was also combined with flow cytometry

analysis of the NK cells used in the drug toxicity assay, providing

the possibility to correlate the cell phenotype with the response

to treatment. Thus, these experiments provided information that

could be valuable for optimizing a treatment strategy involving se-

lection of specific cell donors and combinatorial drug treatment.

The miniaturized cell assay platform presented in this work

was designed for imaging-based cytotoxicity assays targeting

2D or 3D tumor cell cultures combining multiplexing, screening,

and high-quality imaging. The interplay between drugs, immune

cells, and cancer cells is complex, even for in vitro cell cultures,

and heterogeneity among both cancer cells and immune cells

can contribute to results that are challenging to interpret. How-

ever, with the development of new technologies that can resolve

and reveal the finer details of these interactions, we have great

opportunities to improve anticancer therapies. We hope that

the multichambered microwell chip platform presented here

can contribute to establishing precision medicine for drug- and

immune-cell-based anticancer therapy.

Limitations of the study
The fabrication of the Si-glassmicrowell chips required semicon-

ductor processing tools and clean room facilities, not available to

everyone. In contrast to conventional multiwell plates and slides,

the chip was of a non-standardized format, requiring the use of
chip holders to fit it in commercial imaging instruments, but

that also made it highly adaptable. However, one limitation

with the current design was that it did not directly allow usage

of multi-pipettes. The focus of this study was on high-content

screening, and therefore, the spheroid tumor cultures had limita-

tions in comparison to some in vitromodels that prioritize in vivo-

like culture conditions over screening capabilities. For example,

the spheroids contained no stroma components or vasculariza-

tion, and there was no continuous perfusion of the spheroids.

Instead, the addition of drugs and other reagents primarily relied

on convective mixing by pipetting and diffusion, as in multiwell

plates. The spheroids used in this study were composed of indi-

vidual tumor cell lines, but the methodology allows usage of pri-

mary cells, addition of other cell types like stromal or immune

cells, or components of the extracellular matrix, which would

further shape the tumor microenvironment. No necrotic cores

were found by confocal microscopy, and low fractions of dead

tumor cells were detected in flow cytometry of the spheroids

used in this study. A necrotic core can provide a hypoxic environ-

ment that can affect drug potency as well as immune cell activity

and function, which may be important factors to consider and

include in some solid-tumor models. In future work with different

cell lines or primary tumor cells, it will be important to investigate

under what circumstances necrotic cores are formed.
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gle cell organization and cell cycle characterization of DNA stained multicel-

lular tumor spheroids. Sci. Rep. 11, 17076. https://doi.org/10.1038/s41598-

021-96288-6.

Park, D., Son, K., Hwang, Y., Ko, J., Lee, Y., Doh, J., and Jeon, N.L. (2019).

High-throughput microfluidic 3D cytotoxicity assay for cancer immunotherapy

(CACI-ImpacT platform). Front. Immunol. 10, 1133. https://doi.org/10.3389/

fimmu.2019.01133.

Prager, I., Liesche, C., van Ooijen, H., Urlaub, D., Verron, Q., Sandström, N.,

Fasbender, F., Claus, M., Eils, R., Beaudouin, J., et al. (2019). NK cells switch

from granzyme B to death receptor–mediated cytotoxicity during serial killing.

J. Exp. Med. 216, 2113–2127. https://doi.org/10.1084/jem.20181454.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch,

T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an

open-source platform for biological-image analysis. Nat. Methods 9,

676–682. https://doi.org/10.1038/nmeth.2019.

Sharma, P., Hu-Lieskovan, S., Wargo, J.A., and Ribas, A. (2017). Primary,

adaptive, and acquired resistance to cancer immunotherapy. Cell 168,

707–723. https://doi.org/10.1016/j.cell.2017.01.017.

Shelton, S.E., Nguyen, H.T., Barbie, D.A., and Kamm, R.D. (2021). Engineering

approaches for studying immune-tumor cell interactions and immunotherapy.

iScience 24, 101985. https://doi.org/10.1016/j.isci.2020.101985.

Shimasaki, N., Jain, A., and Campana, D. (2020). NK cells for cancer immuno-

therapy. Nat. Rev. Drug Discov. 19, 200–218. https://doi.org/10.1038/s41573-

019-0052-1.

Sinha, N., Subedi, N., and Tel, J. (2018). Integrating immunology andmicroflui-

dics for single immune cell analysis. Front. Immunol. 9, 2373. https://doi.org/

10.3389/fimmu.2018.02373.

Soille, P., and Vincent, L.M. (1990). Determining watersheds in digital pictures

via flooding simulations. In Visual Communications and Image Processing ’90:

Fifth in a Series, M. Kunt, ed., pp. 240–250.

Sordo-Bahamonde, C., Vitale, M., Lorenzo-Herrero, S., López-Soto, A., and
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Mouse anti-CD69 V450 BD Biosciences Cat#560740; RRID:AB_1727512

Mouse anti-CD16 APC-H7 BD Biosciences Cat#560195; RRID:AB_1645466

Mouse anti-CD25 Pe-Cy7 BD Biosciences Cat#557741; RRID:AB_396847

Mouse anti-granzyme B AF647 BD Biosciences Cat#561999; RRID:AB_10897997

Mouse anti-EGF-R BV421 BD Biosciences Cat#566254; RRID:AB_2739632

Mouse anti-ɑ-tubulin Sigma-Aldrich Cat#T6074; RRID:AB_477582

Donkey anti-mouse IgG

(H + L) AF647

Thermo Fisher Scientific Cat#A-31571; RRID:AB_162542

Mouse anti-CD107a AF647 BD Biosciences Cat#562622; RRID:AB_2737684

Biological samples

Buffy-coats obtained from

anonymous healthy donors

Karolinska University Hospital,

Universitets Laboratoriet

https://www.karolinska.se/

for-vardgivare/karolinska-

universitetslaboratoriet/

Chemicals, peptides, and recombinant proteins

RPMI 1640 supplemented

with L-glutamine

Thermo Fisher Scientific Cat#11875093

100x MEM non-essential

amino acid solution

Sigma-Aldrich Cat#M7145

HEPES Sigma-Aldrich Cat#H0887; CAS:7365-45-9

Fetal Bovine Serum Sigma-Aldrich Cat#F7524

0.05% Trypsin, 0.02% EDTA solution Sigma-Aldrich Cat#59417C

Ficoll-Hypaque GE-Healthcare Cat#17-1440-03

Recombinant Human IL-15 Protein R&D System Cat#247-ILB

A-1155463 Bcl-xL selective inhibitor Selleck Chemicals Cat# S7800

Paclitaxel Sigma-Aldrich Cat#T7191

Gefitinib Selleck Chemicals Cat#S1025

Cetuximab InvivoGen Cat#hegfr-mab1

DMSO Sigma-Aldrich Cat#41639; CAS:67-68-5

Bovine Serum Albumin Sigma-Aldrich Cat#A7906; CAS:9048-46-8

Fixable Viability Stain 510 BD Biosciences Cat#564406

16% Formaldehyde (w/v)

methanol-free

Thermo Fisher Scientific Cat#28906

Triton X-100 Surfact-Amps

detergent solution

Thermo Fisher Scientific Cat#28314

Oregon Green 448 Phalloidin Thermo Fisher Scientific Cat#O7466

DAPI Thermo Fisher Scientific Cat#D1306; CAS:28718-90-3

TMRM Thermo Fisher Scientific Cat#T668

BioTracker NucView 488 Green

Caspase-3 Dye

EMD Millipore Cat#SCT101

Critical commercial assays

NK Cell Isolation Kit, human Miltenyi Biotec Cat#130-092-657

BD CompBeads BD Biosciences Cat# 552843
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Protein-repellent polymer Nagahashi, et al., 2015

Iohexol GE-Healthcare Cat#019112

Deposited data

MATLAB code for statistical

analysis

This paper http://10.5281/zenodo.6645210

Experimental models: Cell lines

Human: A498 cells ATCC HTB-44

Human: HCC827 cells ATCC CRL-2868

Human: NCIH-1975 cells ATCC CRL-5908

Human: Kuramochi cells JCRB JCRB0098

Human: OVCAR8 cells NCI NCI60

Recombinant DNA

pLenti-CMV-MCS-RFP-SV-

puro vector

Addgene Cat#19319

Software and algorithms

MATLAB (2021), Version

9.10.0 (R2021a)

The MathWorks Inc https://se.mathworks.com/products/matlab.html

ImageJ2 (2021), Version

2.3.0/1.53f

Open-source https://imagej.nih.gov/ij/

FlowJo for Mac (2021),

Version 10.8.1

Becton, Dickinson and

Company

https://www.flowjo.com/

GraphPad Prism,

Version 9.3.1

GraphPad Software https://www.graphpad.com/

Imaris, Version 9.7 Oxford Instruments https://imaris.oxinst.com/

Watershed algorithm Soille and Vincent, 1990 https://www.spiedigitallibrary.org/conference-

proceedings-of-spie/1360/1/Determining-watersheds-

in-digital-pictures-via-flooding-simulations/

10.1117/12.24211.short?SSO=1

‘‘Analyze particle’’ algorithm https://imagej.nih.gov/ij/docs/

menus/analyze.html
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Björn Ön-

felt (onfelt@kth.se).

Material availability
This study describes the use of custom-made, multichambered microwell chips. Information regarding the fabrication of these chips

is available in the method details and Figure S6.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOI is listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines and culture
The following cell lines were used: A498 renal carcinoma (ATCC, HTB-44), HCC827 lung adenocarcinoma (ATCC, CRL-2868), NCIH-

1975 lung adenocarcinoma (ATCC, CRL-5908), Kuramochi ovarian adenocarcinoma andOVCAR8 ovarian carcinoma (both provided
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by the FIMM Research group, Helsinki University, Finland). A498 cell line has been validated using PCR-based single-locus technol-

ogy. HCC827, NCIH-1975, Kuramochi and OVCAR8 cell lines have been authenticated using the Cell Line Authentication Service

provided by ATCC.

Cells were cultured in complete RPMI 1640 with L-glutamine medium (ThermoFisher Scientific) supplemented with 10% heat-in-

activated fetal bovine serum (Sigma Aldrich), 1xMEMNon-Essential Amino Acid Solution (Sigma-Aldrich) and 10mMHEPES (Sigma-

Aldrich). All cell lines were maintained at 37�C in 5% CO2 and passaged before they reached confluency. The stable A498 cell line

expressing RFP (A498-RFP) was obtained using a pLenti-CMV-MCS-RFP-SV-puro vector as previously described (Edwards et al.,

2020). A498-RFP cells were cultured in complete medium with 2 mg/mL puromycin.

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy-coats from anonymous healthy donors (Karolinska Univer-

sity Hospital) by Ficoll-Hypaque gradient separation (GE-Healthcare). NK cells were separated from PBMCs by negative selection

using NK cell Isolation Kit (Miltenyi Biotec), according to the manufacturer’s instructions. Purified NK cells were immediately cultured

in RPMI 1640 with L-glutamine (ThermoFisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Al-

drich), 1x MEM Non-Essential Amino Acid Solution (Sigma-Aldrich) and 10 mM HEPES (Sigma-Aldrich) and maintained at 37�C in

5%CO2 overnight in the presence of 10 ng/mL IL-15 (R&D System). Cell isolation from anonymous donors requires no ethical permit

according to local regulations. The purity (percentage of CD56+CD3� cells) and phenotype of enriched polyclonal NK cells was as-

sessed by flow cytometry. To analyze the effect of A-1155463 and paclitaxel on NK cells, overnight IL-15 activated NK cells were

harvested and re-suspended in completemedium (106 cells/mL) in presence of 10 mMof A-1155463 (Selleckchem), 1 mMof paclitaxel

(Sigma-Aldrich) or DMSO (Sigma-Aldrich). Flow cytometry analysis was performed after 24 and 48 h.

METHOD DETAILS

Fabrication of multichambered microwell chips
The Si/glass microwell array chip was fabricated by the SciLifeLab Customized Microfluidics facility using standard cleanroom pro-

cesses for semiconductor and MEMS devices, which have been described in previous work (Frisk et al., 2011). In short, a 4-inch

300 mm Si wafer was patterned by lithography and through-holes were formed by deep reactive ion etching (DRIE). Thereafter, the

Si wafer was oxidized and anodically bonded to a 175 mm BF33 glass wafer, transforming the holes into microwells. Lastly, the wafer

stack was diced into nine 22 3 22 mm2 Si-glass microwell array chips (Figure S6A).

The multichambered polymer frame was fabricated by manual reaction injection molding (Figure S6B). A two-piece mold was made

of a polyoxymethylene (POM) substrate and a glass plate. The POM substrate was milled to form injection and outlet ports, channels

(sprue + runner) and a structuredmold cavity. Themold cavity was closed by clamping together the POMsubstratewith the glass plate.

A thermosetting polymer, polydimethylsiloxane (PDMS, Sylgard 184, DOW), was mixed in a 1:10 ratio and degassed in a desiccator.

The pre-polymer solution was then manually injected into the injection port of the mold using a syringe until the mold cavity and the

outlet channel was filled. The pre-polymer solution in themold was thermally polymerized in an oven at 65�C for at least 1 h. Thereafter,

the polymerized part in themold cavity was released by separating the glass plate from the POMmold. The PDMSpart was thenmanu-

ally lifted off from the glass and the polymer residues from the mold channels were trimmed off manually using a scalpel.

Before assembly, the bottom side of the molded PDMS frames and the top side of the Si-glass chips were exposed to oxygen

plasma (50 W, 5 bar and 9 sccm of oxygen for 30 s) to activate the surfaces prior to bonding (Figure S6C). Lastly, the stacks were

aligned and gently pressed together to ensure a conformal contact at the interfaces and then thermally treated in an oven at

110�C for 5 min to aid the bonding. The bonded chips were then stored in room temperature until use. During experiments, the chips

were placed in custom designed, machined and black anodized Ø 35 mm aluminum holders (Figure 1). After experiments, the chips

were cleaned with FacsClean (BD Bioscience) followed by rinsing in MilliQ water. A sonication step (10 min in MilliQ) was used if

debris or particles were still found in the microwells. The cleaning protocol allowed reusing the chip around 5 times before recoating.

If any biological debris remained in the chip after normal cleaning, it could be removed by first delaminating the PDMS frame and then

clean the chip with piranha solution, however, that was never needed in this work.

2D drug screening assay and assessment of paclitaxel-induced tubulin deformation
OVCAR8 cells were treated with 0.05% Trypsin-EDTA (Sigma-Aldrich), re-suspended in complete medium (2 3 105 cells/mL) and

40 mL of the cell suspension was transferred into each chamber of the microwell chip. The microwell chip was maintained in sterile

conditions at 37�C in 5% CO2. After overnight incubation, OVCAR8 cells were incubated 1 h with 200 nM TMRM (ThermoFisher Sci-

entific) and 5 mM BioTracker NucView Capsase-3 Dye (Caspase-3/7 for short; Sigma-Aldrich). Serial dilutions of paclitaxel (Sigma-

Aldrich) ranging from 1 3 10�11 M to 1 3 10�5 M were prepared in 40 mL complete culture medium containing TMRM (200 nM) and

Capsase-3/7 (5 mM), tomaintain constant level of the dyes and capture death events during live cell imaging. Serial dilutions of DMSO

(Sigma-Aldrich) were prepared following the same procedure, starting with the lowest dilution of 1:100 vol/vol (corresponding to the

highest paclitaxel concentration used). Live-cell imaging was performed for 72 h in a widefield microscope equipped with environ-

mental control (37�C, 5% CO2 and humidity), recording one frame every 4 h. To analyze the changes of tubulin architecture after

paclitaxel exposure, OVCAR8 cells were cultured overnight in the multichambered microwell chip and exposed to serial dilutions

of paclitaxel and DMSO for 8 h before proceeding to tubulin immunostaining, following the protocol described in section ‘‘Immuno-

staining for confocal microscopy’’.
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Ultrasound-assisted spheroid formation
To form tumor spheroids, a single cell suspension was added to each chamber (20 mL, 106 cells/mL) where cells were allowed to

settle at the bottom of the microwells. Two washes with fresh cell medium removed all cells settled on the surface above the micro-

wells. Two plastic coverslips (223 11 mm2, Nunc Thermanox, Thermofisher) were placed on top of the polymer frame to protect the

culture from contamination and evaporation. The microwell chip with cells was placed on a ring transducer consisting of a round pie-

zoceramic plate mounted in an aluminum frame and connected to an SMB-connector with thin copper wires. USWs were introduced

into the microwells by connecting the transducer to a signal generator and amplifier to excite the transducer with a sinusoidal wave

corresponding to the half wavelength criterion in the microwells. A frequency modulation scheme was applied to the signal during

actuation (2.47MHz ±50 kHz at a 1 kHz sweep rate) and the actuation amplitude was 15 Vpp. The resulting acoustic radiation forces

pushed all cells into aggregates in the center of the microwells. Continuous acoustic trapping for 24 h ensured stable cell aggregates

that could be further cultured in a regular incubator until use. To prevent the cell adhesion to the glass, Si or PDMS, a protein-repellent

polymer coating composed of 2-methcryloxypropyl phosphorylcholine (MPC), 3-methacryloxypropyl trimethoxysilane (MPTMSi) and

3-(methacryloyloxy)propyl-tris(trimethylsilyloxy) silane (MPTSSi) described in detail elsewhere was used (Nagahashi et al., 2015). In

short, the cleaned and dried microwell chip was plasma treated using a corona arch discharger (BD-10ASV, ETP, IL, USA) for 60 s

before 40 mL of coating solution was added to each chamber. After 2 h, the solution was aspirated from the chambers and the chip

was dried in a desiccator for 30 min followed by another drying step in an oven set to 60�C. The concentration of the coating solution

was 0.10 wt%, which prevented cell adhesion while being thin enough to not interfere with the USW (Olofsson et al., 2018). Gentle

washing of the spheroids during labeling ensured that they were not displaced from the wells.

Tumor spheroid drug screening assay
After 24 h of USW-exposure, spheroids of NCIH-1975, HCC827, Kuramochi and OVCAR8 were incubated overnight with TMRM

(200 nM; ThermoFisher Scientific) and Caspase-3/7 (5 mM; Sigma-Aldrich) to ensure complete dye penetration into the spheroids.

The day after, the spheroids were imaged by widefield fluorescence microscopy to evaluate the background death and spheroid

size before the addition of the drugs. Based on data from 2D screening, drug compounds were diluted in 40 mL of complete culture

medium at the following final concentrations: 10 mMof A-1155463 (Selleckchem), 10 mMof gefitinib (Selleckchem) and 1 mMof pacli-

taxel (Sigma-Aldrich). DMSO (Sigma-Aldrich) was used as control at a final dilution of 1:1000, corresponding to the highest DMSO

concentration introduced in the drug treatment. TMRM and Capsase-3/7 were added to maintain constant levels of the dyes for the

duration of the assay. Live cell imaging was performed using a widefield microscope equipped with environmental control (37�C, 5%
CO2 and humidity) for 48 h, with image frames acquired every 4 h.

NK-tumor spheroid cytotoxicity assays
A498 renal carcinoma cells were seeded into the microchip 48 h before the NK killing assay and cultured for 24 h under USW-expo-

sure to form spheroids. After 24 h, formed spheroids were incubated overnight with TMRM (200 nM; ThermoFisher Scientific) and

Caspase-3/7 (5 mM; Sigma-Aldrich) to ensure complete dye penetration into the spheroids. The following day, a pre-screening image

of A498 spheroids was taken by widefield fluorescence microscopy to evaluate their viability and size before the addition of NK cells.

Overnight IL-15 activated NK cells were harvested and re-suspended in complete medium at the concentration of 106 cells/mL.

Spheroid supernatant was replaced with 20 mL of NK suspension in the chambers except for control chambers where only complete

medium was added. Additional 20 mL of complete medium containing TMRM and Capsase-3/7 were added in all chambers to main-

tain constant level of the dyes for the duration of the assay. Where indicated, the following drugs were added: 10 mM of A-1155463

(Selleckchem), 10 mMof cetuximab (Invivogen), 1 mMof paclitaxel (Sigma-Aldrich) and DMSO (Sigma-Aldrich). After addition of drugs

and dyes and seeding of the NK cells, the multichambered microwell chip was exposed to a short (1 h) round of USW to focus the NK

cells onto the tumor spheroids. Then themicrowell chip was transferred to a widefieldmicroscope equipped with environmental con-

trol (37�C, 5% CO2 and humidity) for live cell time-lapse imaging acquiring image frames every hour for 64 h.

Immunostaining for flow cytometry
The following antibodies were used for flow cytometry analysis: CD45 FITC (BD Biosciences, clone H130), CD56 PE (Biolegend,

clone HCD56), CD3 BV605 (BD Biosciences, clone SK7), CD69 V450 (BD Biosciences, clone FN50), CD16 APC-Cy7 (BD Biosci-

ences, clone 3G8), CD25 PE-Cy7 (BD Biosciences, clone M-A251), Granzyme B AF647 (BD Biosciences, clone GB11) and EGFR

BV421 (BD Bioscience, clone EGFR.1). Cells were incubated with antibodies diluted in staining buffer (PBS +2% BSA, both Sigma

Aldrich) for 25 min at 4�C in the dark. Cells were washed twice and stained with Fixable Viability Stain 510 (BD Bioscience) for 15 min

at room temperature for live/dead cell discrimination. After two washes, NK cells were analyzed by flow cytometry (BD FACSCanto

IVD 10, standard 3-lasers, 10 colors, BD Biosciences). Unstained control sample was used to set up PMT voltages. Single stain con-

trols with BD CompBeads compensation particles (BD Biosciences) were used to optimize fluorescence compensation settings.

Data analysis was performed with FlowJo Software v10.7.1 (FlowJ0, Becton, Dickinson and Company).

CD107a degranulation assay
Overnight IL-15 activated NK cells were harvested and re-suspended in complete medium (106 cells/mL) in the presence of DMSO or

paclitaxel. After 48 h incubation, NK cells were harvested, washed and counted. 13 105 NK cells were transferred into a 96 V-bottom
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well plate and co-cultured with 13 105 OVCAR8 cells (E:T ratio = 1:1) Alexa Fluor 647-conjugated anti-CD107a antibody (BD Biosci-

ence, clone H4A3) was added to each well from the onset of co-culture. To detect spontaneous NK degranulation, control samples

without OVCAR8 cells were included. All samples were analyzed in duplicates. Cells were incubated at 37�C, 5%CO2 in the dark for

4 h before cells were collected, washed twice in staining buffer and labeled for CD45, CD56, CD3, CD69, CD16, CD25 and CD107a

for 25 min at 4�C in the dark. Fixable Viability Stain 510 (BD Bioscience) was used for live/dead exclusion. Flow cytometry analysis

was performed immediately after immunostaining.

Immunostaining for confocal microscopy
A498-RFP cells treated with 0.05%Trypsin, 0.02%EDTA (Sigma-Aldrich) were re-suspended in completemedium (23 105 cells/mL)

and 40 mL of the cell suspension was transferred into each chamber of the microwell chip. Themicrowell chip wasmaintained in ster-

ile conditions at 37�C, 5%CO2 overnight before immunostaining. Cells were washed three times with PBS (Sigma-Aldrich) and incu-

bated in 4% (w/v) methanol-free formaldehyde (ThermoFisher Scientific) for 15 min at room temperature in the dark. They were then

washed three timeswith PBS and permeabilizedwith 0.5%Triton X-100 Surfact-Amps detergent (ThermoFisher Scientific) solution in

PBS for 5 min. A blocking step was performed adding PBS containing 5% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) for 5 min

at room temperature. Serial dilutions of mouse anti-ɑ-tubulin monoclonal antibody (clone B-5-1-2, Sigma-Aldrich) were prepared in

PBS to obtain the following final concentrations: 20 mg/mL, 2 mg/mL, 0.2 mg/mL. Primary antibody staining was performed by adding

30 mL/chamber of each dilution in each row of themultichamberedmicrowell chip. PBSwas used as control. After an hour incubation

at room temperature, cells were washed three timeswith PBS. A second step of permeabilization and blocking was performed before

proceeding with secondary antibody staining. The secondary polyclonal Alexa Fluor 647-conjugated donkey anti-mouse IgG (H + L)

antibody (Thermo Fisher Scientific) was diluted in PBS at the following final concentrations: 100 mg/mL, 10 mg/mL, 1 mg/mL, 0.1 mg/

mL. Oregon Green 448 Phalloidin (Sigma-Aldrich) was added at a final concentration of 60 nM in each solution to achieve uniform

F-actin staining. Secondary antibody and F-actin staining was performed by adding 30 mL of secondary antibody and phalloidin so-

lution per chamber, with increasing concentration of the secondary antibody for every column. After an hour incubation at room tem-

perature, cells were washed three times with PBS and incubated with 2 mg/mL of DAPI (ThermoFisher Scientific) for 10 min at room

temperature for nuclear staining. Cells were washed in PBS three times before imaging by confocal microscopy. For the optical

clearing experiments, tumor spheroids were washed three times with PBS (Sigma-Aldrich) and incubated in 4% (w/v) methanol-

free formaldehyde (ThermoFisher Scientific) for 15 min at room temperature in the dark. They were then washed three times with

PBS and incubated with increasing concentrations of refractive index matching solution Iohexol (GE Healthcare) before proceeding

with confocal imaging directly on the multichambered microwell chip.

Microscopy
Fixed cells were imaged by confocal microscopy (Zeiss LSM 880) using either a 103/0.45 Plan-Apochromat Air objective (Zeiss) or a

403/1.20 C-Apochromat Water objective (Zeiss). At 10x magnification, the image size was 10243 1024 pixels with a pixel size of

1.38 3 1.38 mm2 and 20 optical sections were acquired with a 2.5 mm step size. At 40x magnification, the image size was

2048 3 2048 pixels with pixel size of 0.10 3 0.10 mm2 and 10 optical sections were acquired with a 0.45 mm step size. Time-lapse

live cell microscopy was performed with a widefield Zeiss Axio Observer Z1 sevenmicroscope equipped with an incubation chamber

with environmental control (37�C, 5% CO2, and humidity). Autofocused images were acquired every 4 h for 48 h (drug compound

screening) or every hour for 64 h (NK killing assay) using a Fluar 103/0.50 Air objective and a Hamamatsu ORCA-flash 4.0 camera.

Image size was 1024 3 1024 pixels with pixel size of 1.3 3 1.3 mm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis of antibody titration and mitotic spindles
To evaluate the best signal-to-noise ratio for the combination of ⍺-tubulin primary antibody and AlexaFluor647 secondary antibody,

Z-stacks were projected in 2D using the ‘‘Sum slices’’ command in ImageJ and the total fluorescence intensity wasmeasured in each

microwell of the chip. The staining index was calculated as the ratio between the signal from chambers stained with both primary and

the signal from the corresponding chambers stained with secondary antibody alone. To calculate the number of nuclei in each well,

nuclear segmentation was performed by applying manual thresholding on the DAPI channel followed by a Watershed algorithm to

separate adjacent nuclei (Soille and Vincent, 1990). The ‘‘Analyze particle’’ plugin in ImageJwas used to automatically count the num-

ber of nuclei in individual wells (Schindelin et al., 2012). The number of cells that appeared to have abnormal chromosome andmitotic

spindle arrangement was assessed manually. For the visualization of chromosome and mitotic spindle poles during cell division we

used the volume rendering and filament tracer modules of the Imaris 9.7 software (Oxford Instruments).

Image analysis of drug toxicity and NK killing
Live cell time-lapse sequences were analyzed as follows. The mean of the TMRM background was subtracted from each pixel and

the viability was defined as the TMRM total intensity normalized to the TMRM total intensity at timepoint 0 h (Figures S7A and S7B). In

some experiments the TMRM signal increased shortly after the addition of fresh media and treatment, or in the long-term due to cell

proliferation causing the viability index to reach values exceeding 100%.Where indicated, the specific viability, defined as the viability
Cell Reports Methods 2, 100256, July 18, 2022 e5
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normalized to the mean value of the individual measurements from the chamber containing the corresponding control, was calcu-

lated (Figure S7C). In NK-A498 killing assays, the variations of the TMRMbackground signal over timewere used to correct for photo-

bleaching. Similarly, the mean of the Caspase-3/7 background was subtracted from each pixel before calculating the Caspase-3/7

total intensity in all the experiments. As the effects of photobleaching were negligible, no further photobleaching correction was per-

formed in the Caspase-3/7 analysis. The total apoptosis was calculated as the area under the curve of the time-course of the mean

Caspase-3/7 total intensity from whole chambers using the GraphPad Prism software. Apoptotic index, defined as the ratio between

the Caspase-3/7 total intensity at each timepoint and the TMRM signal at timepoint 0, was calculated to be able to compare drug

effects between cell lines having different spheroid dimensions (Figures S7D and S7E). Where indicated, the specific apoptotic index

was calculated by subtracting the mean apoptotic index of the control chamber from the apoptotic index of the condition of interest.

Spheroid segmentation was performed by applying an intensity threshold on the TMRM channel followed by the ‘‘Analyze particle’’

algorithm in ImageJ to identify a single object in each well by using a size threshold to exclude single cells and small particles.

Spheroid area and perimeter were calculated using ImageJ.

Statistical analysis and curve fitting
Statistical analysis and curve fitting were performed using GraphPad Prism. Comparison between two or multiple conditions was

performed using unpaired t-test, One-way ANOVA followed by Dunnett’s Post Hoc Test, or two-way ANOVA followed by Tukey’s

Post Hoc Test as indicated. The total apoptosis data were log transformed before statistical analysis. For some graphs statistical

differences were calculated between readings in the 36microwells in individual chambers of the microchip, and sometimes between

median values from experimental repeats. Data groups were considered not significantly (ns) different when p > 0.05 or significantly

different with the following annotation: p % 0.05 (*), p % 0.01 (**), p % 0.001 (***); p % 0.0001 (****).

To investigate how the number of analyzedwells influenced the statistics, aMATLAB script was designed to perform 500 statistical

tests between samples containing n = 3–36 randomly picked wells from the two different conditions to be compared. The same well

could be picked multiple times within in one test to stimulate a larger dataset. For the statistical tests on the HCC827 caspase data,

the AUC was calculated for each individual spheroid before using the inbuilt ANOVA function in MATLAB. This data treatment differs

from the analysis in Figure 3E where an ANOVA was performed on the AUC calculated from mean and standard deviation for each

time point using GraphPad Prism. The differences in data treatment between the MATLAB and the GraphPad Prism approach re-

sulted in slightly different significances.

Curve fitting analysis was performed with GraphPad Prism using a sigmoidal dose-response curve (the Hill equation):

spV = spVN +
spV0 � spVN

1+ 10logðIC50C Þ3H
(Equation 1)

Where spV is the specific viability, spV0 is the specific viability without drug, spVN is the specific viability at infinitely high drug con-

centrations, C is the drug concentration, IC50 is the inhibitory concentration (50%) and H is the Hill slope.

Or an exponential decay:

V = ðV0 � VNÞ3e� t
t +VN (Equation 2)

Where V is the specific viability, V0 is the specific viability at the starting point, VN is a plateau value representing specific viability at

longer times, t is time and t is the time constant.
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Supplemental Figure S1, related to Figure 2. Titration of antibodies for multiplex staining of monolayer cell 

cultures. A) Mosaic image of the entire microchip containing A498 RFP cells in each chamber. From left to 

right: DAPI (nuclei, cyan), RFP (cytoplasm, green), phalloidin (F-actin, red) and -tubulin (microtubules, 

grey). Increasing concentrations of primary antibody mouse anti-human anti--tubulin (from top to bottom: 0 

g/ml; 0.2 g/ml; 2 g/ml; 20 g/ml) and secondary antibody donkey anti-mouse Alexa Fluor 647 (from left 

to right: 0.1 g/ml; 1 g/ml; 10 g/ml; 100 g/ml) were used to stain microtubules (-tubulin, right) across the 

different chambers, before the microchip was screened by confocal microscopy (10x objective) B) Left: 

Numbers of cell nuclei in the wells for the individual chambers. The box-and-whiskers graph is based on mean 

values from the three independent experiments where all 36 wells per chamber were analyzed. Two-way 

ANOVA with Tukey’s Post Hoc Test revealed no significant differences in nuclei number between wells and 

chambers. Right: Example of a DAPI image from a single well, the corresponding binary mask and nuclei 

outlines after image analysis. A watershed algorithm was applied to separate adjacent nuclei and the number 

of nuclei was counted by the “Analyze particle” plugin of ImageJ. C) Total intensity of RFP, F-actin and DAPI 

from the 36 wells in each chamber of the microwell chip for three independent experiments. Two-way ANOVA 

with Tukey’s Post Hoc Test revealed no significant differences in RFP, F-actin and DAPI signal between wells 

and chambers. D) Fluorescence signal from -tubulin (Alexa Fluor 647) in the 36 wells for each primary and 

secondary antibody combination. E) Staining index, assessing signal-to-noise ratio, for each antibody 

combination. Columns represent mean values from 36 individual wells and error bars represent the standard 

error of the mean (SEM). F) First row: composite images with increasing zoom and magnification. From left 

to right: mosaic image of the entire multichambered microwell chip, followed by a closer view of the entire C3 

chamber (both acquired at 10x magnification). A single well of the C3 chamber imaged at higher magnification 

(40x objective) showing filaments and nuclei at the cellular level, followed by a cropped and enlarged view to 

visualize the same structures at the subcellular level. Second row: each fluorescence channel from the indicated 

image presented separately with nuclei (cyan), F-actin (red), RFP (green) and -tubulin (grey). All box and 

whisker plots show median values, while the box represents 25th to the 75th percentiles and the bars the 

minimum and maximum values. 

  



 



Supplemental Figure S2, related to Figure 2 and 3. Examples showing how the number of analyzed wells 

correlate with statistical significance. A MATLAB script was designed to perform 500 statistical tests between 

samples containing n=3-36 randomly picked wells from the different conditions to be compared. The same well 

could be picked multiple times within a sample. Columns in the graphs shown in panels B-H represent the 

outcomes of the 500 statistical tests performed for each value of n. The colors indicate the statistical power (light 

green (*p ≤ 0.05), green (**p ≤ 0.01), blue (***p ≤ 0.001) and purple (****p ≤ 0.0001) or non-significant (yellow). 

A) Mosaic overview of the tubulin immunostaining titration shown in Figure S1A with arrows B, C and D 

indicating the pairs of chambers of the chip that were tested in panels B-D below. B-D) Graphs showing statistical 

outcome from comparison of samples with n=3-36 wells evaluated by two sample t-tests comparing chambers A1 

and B1 (B), B1 and B2 (C) and B2 and C3 (D). E-H) Graphs showing statistical outcome by one-way ANOVA 

followed by Dunnett’s Post Hoc test from comparison of samples with n=3-36 wells for the log-transformed 

HCC827 total apoptosis data from Figure 3E. Overall comparison by one-way ANOVA (E), or individual 

comparisons by Dunnett’s between A1155463 and DMSO (F), Gefitinib and DMSO (G) and Paclitaxel and 

DMSO (H). Overall this picture highlights that the number of wells needed to reach statistical significance vary 

depending on the conditions that are compared. For some conditions (e.g. panels C-E, G) only a few wells (<10) 

are needed to reach significance, while for other samples (e.g. F and H) significance is not reached in all 

combination of samples even for n=36.  

 

  



 

Supplemental Figure S3, related to Figure 3. A) Tumor spheroid preparation and experimental design for 3D 

drug screening assay. A) Mosaic image of USW-induced A498 spheroids in the multichambered microwell chip 

showing formation of live spheroids in each well across the chip. TMRM (magenta) and Caspase-3/7 (green) were 

used as markers of viability and apoptosis. B) USW-induced A498 spheroids from three different experiments 

were characterized in term of size and TMRM intensity. No significant differences in spheroid area and TMRM 

intensity were detected in Two-way ANOVA with Tukey’s Post Hoc tests. Box and whisker plots show median 

values, while the box represents 25th to the 75th percentiles and the bars the minimum and maximum values. C) 



Analysis of cell viability performed by flow cytometry on A498 cells obtained from USW-induced spheroids after 

enzymatic dissociation. D) Drug-response curves of HCC827, Kuramochi and OVCAR8 to gefitinib, A-1155463 

and paclitaxel respectively. Data were extracted from a larger experiment where drug sensitivity was measured 

by exposing cells to a small molecule library consisting of 528 drugs pre-plated in 384-well plates, where each 

well contained one drug at a certain concentration, for 72 hours. These 528 oncology drugs belong to a library of 

Institute for Molecular Medicine Finland (FIMM), which contain oncology drugs that are clinically approved or 

under investigation. The viability of cells was measured with CellTiter-Glo (Promega, G7570) at 72 hours. Drug 

response curves were fitted after per plate normalization using Breeze (https://www.fimm.fi/en/software-tools)* 

yielding a Drug Sensitivity Score (DSS) for each drug-cell line pair. E) Schematic description of the 3D live-

imaging drug toxicity assay. 48 hours before the beginning of the assay, tumor cells were seeded in the 

multichambered microwell chip and exposed to ultrasounds to induce cell aggregation. After 24 hours, the USW 

was turned off, TMRM and Caspase-3/7 were added and the tumor spheroids were left to develop and take up the 

dye for 24 hours. At the day of the assay, images of A498 spheroids were acquired to evaluate viability and size 

before the addition of drugs. After the addition of each treatment, the microwell chip was transferred into a 

widefield microscope equipped with an incubation chamber to perform live imaging for 48 hours acquiring one 

frame every four hours. F) Chamber containing OVCAR8 spheroids after 48 hours incubation with A-1155463 

(left) and one representative tumor spheroid showing the distribution of TMRM and Caspase-3/7 signal in the 

spheroid (right). Apoptotic cells (green) were uniformly distributed in the tumor spheroids. G) Chamber 

containing OVCAR8 spheroids after 48 hours incubation with paclitaxel (left) and one representative spheroid 

showing the distribution of TMRM and Caspase-3/7 signal in the spheroid (right). Apoptotic cells were located at 

the periphery of the tumor spheroid.  

 

* Potdar, S. et al. Breeze: An integrated quality control and data analysis application for high-throughput drug 

screening. Bioinformatics 36, 3602–3604 (2020).  
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Supplemental Figure S4, related to Figure 4. Experimental design of the NK cell cytotoxicity screening assay, 

NK cell characterization and correlation between spheroid size and NK cell response. A) Schematic description 

of the 3D live-imaging NK cells cytotoxicity assay. 48 hours before the beginning of the assay, tumor cells were 

seeded in the multichambered microwell chip and exposed to ultrasounds to induce cell aggregation. After 24 

hours, the USWs were turned off, TMRM and Caspase-3/7 were added and the tumor spheroids were left to 

develop and take up the dye for 24 hours. In parallel with turning off the USWs and adding dyes, NK cells were 

isolated from healthy donors and activated with IL-15 (10 ng/ml) overnight. At the day of the NK cell cytotoxicity 

assay, images of A498 spheroids were acquired to evaluate viability and size before the addition of NK cells. NK 

cells were collected, resuspended in fresh culture medium and added at a concentration of 20 000 cells/chamber 

while only fresh culture medium was added to the control chamber. After the addition of NK cells, the 



multichambered microwell chip was transferred into a widefield microscope equipped with an incubation chamber 

to perform live imaging for 64 hours acquiring one frame every four hours. B) Flow cytometry analysis of NK 

cells after isolation from buffy coats. NK cells (defined as CD56+CD3-) represented 92.8% of the cells isolated 

from the donor used in the assay. This NK cell population was characterized by a relatively high fraction of 

CD56Dim (98,3%) NK cells, most of them positive for CD16 and approximately 60% of them expressing the 

activation marker CD69. C) Histogram showing heterogeneity in viability between individual A498 spheroids 

incubated with (top) or without (bottom) NK cells for 64 hours. The viability measured for each spheroid has been 

divided by the mean viability of the corresponding condition. The larger spread for A498 spheroids incubated 

with NK cells is indicative of larger heterogeneity in cytotoxic response between microwells. D) Analysis of the 

correlation between spheroid viability in response to NK cells and spheroid area (left) and spheroid perimeter 

(right) at timepoint 0. No significant correlation was found as indicated by low R squared values of R2 = 0.09 (left 

panel) and R2 = 0.23 (right panel). 

 





Supplemental Figure S5, related to Figure 5. Phenotypic characterization, experimental design and responses 

in the combinatorial drug/NK cytotoxicity screening assay. A) Flow cytometry histogram of EGFR expression on 

OVCAR8 cells (black) compared to unstained control (light grey). B) Phenotype of NK cells exposed to drugs 

analyzed by flow cytometry. NK cells were exposed to DMSO (dark grey), 10 M of A-1155463 (magenta) or 1 

M of paclitaxel (purple) for 24 hours (upper panel) or 48 hours (lower panel). Unstained control shown in light 

grey. Indicated percentages of dead cells and relative mean fluorescent intensity values for the molecular markers 

have been calculated for NK cells (cells gated on CD56+CD3-). C) Schematic description of the 3D live-imaging 

combinatorial drug/NK cells cytotoxicity assay. 48 hours before the beginning of the assay, OVCAR8 tumor cells 

were seeded in the multichambered microwell chip and exposed to ultrasounds to induce cell aggregation. After 

24 hours, the USWs were turned off, TMRM and Caspase-3/7 were added and the tumor spheroids were left to 

develop and take up the dye for 24 hours. In parallel with turning off the USWs and adding dyes, NK cells were 

isolated from healthy donors and activated with IL-15 (10 ng/ml) overnight. At the day of the assay, images of 

OVCAR8 spheroids were acquired to evaluate viability and size before the addition of NK cells. NK cells were 

collected, resuspended in fresh culture medium and added at a concentration of 20 000 cells/chamber together 

with the drugs while only fresh culture medium was added to the control chamber. After the addition of NK cells 

and drugs, the microwell chip was transferred to a widefield microscope equipped with an incubation chamber to 

perform live imaging for 48 hours acquiring one frame every four hours. D) Viability of OVCAR8 spheroids 

cultured with DMSO (black), 10 M of A-1155463 (magenta), 10 M of cetuximab (teal) or 1 M of paclitaxel 

(purple) in the absence of NK cells. One-way ANOVA with Dunnett’s Post Hoc Test revealed significant 

differences in OVCAR8 viability after A-1155463 and paclitaxel treatment compared to DMSO control (n=36, 

****p ≤ 0.0001; ns, not-significant). E) Viability of OVCAR8 spheroids cultured alone (black) with NK cells 

from donor 1 (orange), donor 2 (yellow) or donor 3 (blue) in presence of DMSO but no drugs. One-way ANOVA 

with Dunnett’s Post Hoc Test revealed significant differences in OVCAR8 viability after exposure to NK cells 

from all donors compared to DMSO control (n=36, ****p ≤ 0.0001). F) Flow cytometry analysis of NK cells 

(CD56+CD3-) before being used in the 3D killing assay. Top: histograms showing expression levels and relative 

mean fluorescent intensity for the indicated molecular markers from donor 1 (orange), donor 2 (yellow), donor 3 

(blue) and unstained controls (grey). Bottom: Bar graphs showing percentage of NK cells expressing the indicated 

molecular markers. Color scheme as above. G) Viability of OVCAR8 spheroids cultured with NK cells from 

donor 1 (orange), donor 2 (yellow) or donor 3 (blue) in presence of DMSO (round dots), 10 M of cetuximab 

(inverted triangles) or 1 M of paclitaxel (triangle). Mixed model ANOVA with Tukey’s Post Hoc Test revealed 

significant differences between donors in term of drug responses (n=36, *p ≤ 0.05; ****p ≤ 0.0001; ns, not-

significant). H) NK cells activated overnight with IL-15 were exposed to DMSO (left, black dots) or 1 M of 

paclitaxel (right, purple dots) for 48 hours before being used in a 4-hour CD107a degranulation assay. 

Spontaneous CD107a release (SP release) is shown in light grey in both plots. The percentages of cells showing 

specific release (CD107a release above the threshold given by the SP release) are indicated in each plot. 

 

  



 
 

Supplemental Figure S6, related to Figure 1. Fabrication schemes for the multichambered microwell chip. 

A) Fabrication of the Si-glass microwell chips (steps 1-6). Note, the illustrations show a single microwell array 

from a small area of a single chip for a clear and detailed view, however, the fabrication was based on 4-inch 

wafers, which after dicing resulted in 9 microwell chips, as indicated in step (6). B) Manual reaction injection 

molding of multichambered polymer frames in structured molds (step 1-5). C) Surface activation and 

subsequent dry-bonding of Si-glass microwell chips with multichambered polymer frames (step 1-3). The 

assembled multichambered microwell chip is illustrated in (step 4). 

 
 

  



 

 
 

Supplemental Figure S7, related to Star Methods section “Image analysis of drug toxicity and killing”. 

Example data used to for calculation of specific viability and specific apoptotic index. OVCAR8 cells were 

cultured in different concentrations of paclitaxel or DMSO for 72 hours. A) TMRM intensity from OVCAR8 

cells in the microwell chip before addition of paclitaxel (black) or corresponding dilution of DMSO (grey). The 

dots represent the intensities from the 36 individual microwells in each chamber and the black bars are mean 

values. B,C) Time course of the viability of OVCAR8 cells exposed to different concentrations of paclitaxel 

(B) or corresponding dilutions of DMSO (C) for 72 hours. Viability is the TMRM signal normalized to the 

TMRM signal at timepoint 0 (before addition of drug or DMSO). Symbols corresponds to mean values from 

the 36 microwells and error bars are SEM. D,E) Time course of apoptotic index for OVCAR8 cells exposed to 

different concentrations of paclitaxel (D) or corresponding dilutions of DMSO (E) for 72 hours. The apoptotic 

index is the signal from Caspase-3/7 divided by the TMRM signal of the tumor cells at timepoint 0.   
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