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Abstract

Drug sensitivity testing utilizing preclinical disease models such as cancer cell lines is an important and widely
used tool for drug development. Importantly, when combined withmolecular data such as gene copy number
variation or somatic coding mutations, associations between drug sensitivity and molecular data can be used
to develop markers to guide patient therapies. The use of organoids as a preclinical cancer model has become
possible following recent work demonstrating that organoid cultures can be derived from patient tumors with
a high rate of success. A genetic analysis of colon cancer organoids found that these models encompassed the
majority of the somatic variants present within the tumor from which it was derived, and capture much of the
genetic diversity of colon cancer observed in patients. Importantly, the systematic sensitivity testing of
organoid cultures to anticancer drugs identified clinical gene–drug interactions, suggestive of their potential
as preclinical models for testing anticancer drug sensitivity. In this chapter, we describe how to perform
medium/high-throughput drug sensitivity screens using 3D organoid cell cultures.
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1 Introduction

The research community currently has access to approximately 1000
experimentally tractable, genetically unique cancer cell lines. These
cell lines have been instrumental in the advances made in cancer
research and are an important tool during drug development, in
part due to their ability to model patient responses to therapies. For
example, cell lines were used for the preclinical development of the
small-molecule EGFR inhibitor gefitinib, which is approved for the
treatment of EGFR-mutated non-small-cell lung cancer [1, 2]. Drug
sensitivity screening of cancer cell lines is routinely performed and
large-scale datasets are publically available [3–6].

Despite their utility, there are shortcomings associated with
traditional 2D cell lines which include (but are not limited to)
their failure to reflect tissue/tumor architecture, a poor success
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rate of derivation, and a lack of associated patient pathological and
clinical data. In addition, they likely reflect a subset of aggressive
tumors emendable to growth in 2D culture, and fail to encompass
the histological and molecular diversity of cancer [7–9]. These
deficiencies hamper our ability to identify and successfully translate
novel treatment strategies for patients into the clinic.

New cell line derivation technologies such as organoids [10, 11]
and conditional reprogramming [12] have provided an opportunity
to improve the set of available cancer models. Organoids are a long-
term culture system which allow cells, both normal and diseased, to
be grown in specialized 3D culture conditions that maintain the stem
cell population, as well as much of the cell-type composition and
tissue architecture found in vivo [10, 11, 13–16]. Cancer organoid
cultures recapitulate features of the original tissue/tumor and can
model clinically relevant drug responses [13, 14, 16]. Thus, it should
be possible to more effectively develop new therapeutic modalities by
performing drug sensitivity assays in a larger and more representative
collection of cancer organoid cultures. In the future, it may be
possible to individualize patient care through prospective modeling
of drug sensitivity in patient-derived cancer organoids.

The utilization of organoid cultures derived from matched
healthy tissue such as the liver could be useful in identifying drug
toxicity. Additionally, organoids have been generated from diseased
tissues other than cancer including cystic fibrosis and liver disorders
such as α1-antitrypsin deficiency and Alagille syndrome, and shown
to mimic disease pathology [15].

Here we describe a protocol for medium/high-throughput
drug screening of human organoid cultures in 384-well plates.
This is based on our experience of performing drug sensitivity
screens using colorectal and esophageal cancer organoids. We pro-
vide details on assay design, protocols for the manipulation of
organoid cultures, and parameters for evaluating assay quality.

2 Materials

2.1 Preparation

of Organoid Media

and BME-2

Prepare the following solutions.

1. 7.5 mg/mL BME-2 (Cultrex® Reduced Growth Factor Base-
ment Membrane Extract, Type 2, PathClear® (Amsbio)): For
each 384-well plate approximately 3 mL of 7.5 mg/mL BME-
2 is required. An additional 10 mL should be added to the total
volume to account for dispensing dead volume. BME-
2 (~15 mg/mL) is diluted 1:1 using organoid media to
~7.5 mg/mL (see Note 1). Determine the number of 384-
well plates required for your drug screen and ensure sufficient
volumes of BME-2 are chilled overnight on ice (see Note 2).

2. Organoid media: Prepare organoid media as described for
esophagus [11], pancreas [13], and colon [11, 14]. We have
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provided details in Table 1 of the media used for colorectal and
esophageal cancer organoid drug screening (see Note 3). The
media can be stored for up to 4 weeks at 4 �C until required.
Approximately 15 mL of organoid/media suspension is
required per 384-well plate. An additional 10 mL should be
added to the total volume to account for dispensing dead
volume.

3. Drug screening media: Organoid media in point 2 is supple-
mented with 2 % BME-2 (~0.3 mg/mL). For each 100 mL,
add 96 mL of media and 4 mL of 15 mg/mL BME-2.

2.2 Drug Screening

Assay

1. 384-well flat clear bottom, opaque walls, tissue culture treated
polystyrene plates (assay plate).

2. 384-well polypropylene Echo qualified plates (stock plate).

3. 384 low dead volume (LDV) Echo qualified cyclic olefin copol-
ymer plate (source plate).

4. Microscope slide.

5. Phase contrast microscope.

Table 1
Media components for colon and esophageal organoids

Organoid media component Colon Esophagus

Advanced DMEM F12
(1� HEPES, 1� Glutamax)

+ +

WNT3A cond. media 50 %

R-Spondin 1 cond. media 20 % 20 %

Noggin cond. media 10 % 10 %

Nicotinamide 10 mM 10 mM

N-acetyl cysteine 1 mM 1 mM

B27-supplement 1� 1�
Recombinant human EGF 50 ng/mL 50 ng/mL

A83-01 500 nM 500 nM

SB202190 10 μM 10 μM

Y-27632 10 μM 10 μM

FGF-10 100 ng/mL

Gastrin 10 nM

The WNT3A and noggin conditioned media (cond. media) producing cell lines were

provided by the laboratory of Hans Clevers. ATCC have an alternative WNT3A produc-

ing line, L Wnt-3A (ATCC® CRL-2647™). The R-spondin 1 producing cell line was

provided by laboratory of Calvin Kuo. An alternative cell line is available from AMSBIO,
Cultrex R-spondin1 (RSPO1) Cells
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6. Cell scraper(s).

7. Centrifuge.

8. 15 mL conical centrifuge tube(s).

9. FluidX XRD-384 reagent dispenser, or alternative reagent dis-
penser with the ability to accurately dispense between 8 and
40 μL volume.

10. Echo 555 acoustic dispenser (Labcyte), or similar liquid
handling platform.

11. CellTiter-Glo® 2.0 Luminescent Cell Viability Assay (Promega).

12. Molecular Devices Paradigm plate reader fitted with a lumines-
cence cartridge, or another luminescence plate reader.

13. Drugs to be included in the assay, including positive control
drugs.

3 Methods

Figure 1 provides an overview of the organoid drug screening
process. We utilize liquid-handling robotics for our drug screening
experiments to improve accuracy and reproducibility, and increase
throughput. In this protocol we indicate the use of specific
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Fig. 1 A schematic of the organoid drug screen workflow. Drug preparation is shown in the upper panel and
the screening workflow in the lower panel, together with associated protocol sections (italics)
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liquid-handling robotics but, with only minor modifications to
these protocols, other equipment could be utilized. Similarly,
with some modifications, these protocols could be performed
using manual pipetting. Perform all procedures at room tempera-
ture unless otherwise specified.

3.1 Preparation

of Drug Stocks

and Drug Plates

1. Design the layout of your drug plate (see Note 4 and Fig. 2).

2. Drugs are reconstituted in 100 % DMSO and stored frozen at
�80 �C or ideally in StoragePods® (Roylan Developments)
kept at room temperature, providing a moisture-free, low-
oxygen environment and protection from UV damage
(see Note 5).

3. Master stocks of drugs are reconstituted at 1000–10,000� of
the final desired maximum screening concentration.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A
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Positive Control Dose Response 
(Compound 1) Blank

Positive Control Dose Response
(Compound 2)

Negative 
Controls

Positive Control Max Dose (Compound 1) Negative Controls
(DMSO Treated)

Positive Control Max Dose (Compound 2)

Fig. 2 An illustration of an optimized screening plate layout. Positive and negative control wells are distributed
across the plate and drug concentration curves are arranged vertically from the exterior to the interior of the
plate (also see Note 4). The edge wells are not used due to edge effects
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4. Following the reconstitution of the drug(s) in DMSO, the
master stock drugs are cherry-picked to a 384-well polypropyl-
ene plate using a liquid-handling robot Biomek FX (Beckman
Coulter). This plate is called the stock plate. If themaster stock is
at 1000� of the final screening concentration, a direct transfer
to the stock plate can be performed. If at greater than 1000�
concentration, a dilution in DMSO is performed during the
transfer to the stock plate, resulting in all drugs on the stock
plate being at 1000�.

5. Using the stock plate we generate a source plate (384-well low
dead volume (LDV) plate). The source plate contains all the
drugs to be screened along with the dilution series of the
drugs. Half-log dilutions are performed in DMSO and all
wells are 1000� of the final desired concentration, typically
containing 10 μL per well. A single source plate can be used for
drugging multiple organoid screening plates and over multiple
dates (see Notes 6 and 7).

6. The generation of the source plate is performed using an Echo
555 acoustic dispenser.

7. For storage, seal plates using adhesive plate foil seals.

8. Both the stock and source drug plates can be stored in compound
StoragePods® and used multiple times. If plates are stored at -
80 �C we recommended you limit the number of freeze–thaw
cycles.

3.2 Dispensing

the Layer of BME-2

to 384-well Plates

1. Program a FluidX XRD-384 reagent dispenser to dispense
8 μL. Flush the XRD-384 with ethanol, followed by sterile
water and lastly organoid media.

2. Prime the XRD-384 with 7.5 mg/mL BME-2 until all tubing
is loaded. Once primed, dispense 8 μL of 7.5 mg/mL BME-
2 media in to all wells of a 384-well flat clear bottom polypro-
pylene plate. Ensure the BME-2 is kept chilled while
dispensing.

3. Centrifuge the plates at 182 � g for 1 minute to ensure the
BME-2 covers the bottom of each well.

4. Place the plates in a 37 �C, 5 % CO2 incubator for at least
20 min allowing the BME-2 to polymerize, forming a polymer-
ized layer of BME-2 across the bottom of all wells (seeNote 8).

3.3 Preparation

of Organoid Cultures

1. Organoids are routinely cultured embedded within 10–15 μL
droplets of 7.5 mg/mL BME-2. We seed 15 droplets per well
of a 6-well cell culture plate together with 2 mL of organoid
media.

2. To harvest organoids from a 6-well plate, use a cell scraper to
disrupt the 7.5 mg/mL BME-2 droplets containing organoids
from the bottom of the well.

344 Hayley E. Francies et al.



3. Using a 1 mL pipette, mix the disrupted organoids along with
the media to initiate release of the organoids from the BME-2.
This should physically disrupt the organoids but avoid breaking
them down to single cells, the goal being to plate formed
organoids, not single cells.

4. Transfer the organoid suspension to a 15 mL centrifuge tube
and centrifuge at 364 � g for 2 min.

5. Aspirate the supernatant from the 15 mL falcon tube and
resuspend the organoid pellet in 5 mL of drug screening media.

6. As organoids are too large to be counted by an automated cell
counter or a hemocytometer, dispense three 10 μL droplets of
the organoid suspension on to a microscope slide and count the
number of organoids in each 10 μL droplet (see Note 9).
Multiply the average number of organoids per droplet by 100
to calculate the number of organoids per mL (see Note 10).

7. A suspension of 15,000–20,000 organoids per mL is required
for drug screening. To dispense two 384-well plates requires
35 mL of organoids prepared in drug screening media at
15,000 organoids per mL. Approximately three confluent
6-well plates are sufficient to generate the 525,000 organoids
necessary.

8. Program the XRD-384 to dispense 32 μL. Flush the XRD-384
as previously described in Section 3.2 with ethanol, sterile
water and organoid media. Ensure the XRD-384 is primed,
then dispense 32 μL of drug screening media into all wells of
column 1 (media only, no organoids).

9. Once completed, dispense 32 μL of the organoid suspension in
to all wells with the exception of column 1 (see Note 11).
This gives a total well volume of 40 μL.

10. Once completed, place the plates in a 37 �C, 5 % CO2 incuba-
tor until the following day allowing the organoids to settle
(see Note 12).

3.4 Drugging

of Screening Plates

1. Following overnight incubation, organoid plates are manually
inspected using a phase-contrast microscope to check cell
health prior to the addition of drugs.

2. Using an Echo 555 acoustic dispenser, 40 nL of compound
previously prepared at 1000� are dispensed from a source plate
(described in Section 3.1) into the cell plate, to a final concen-
tration of 1� compound and 0.1 % DMSO.

3. Return plates to a 37 �C, 5 % CO2 incubator.

3.5 Cell Viability

Assay

1. Organoid plates can be incubated with compound/drug for up
to 6 days before ending the assay. After more than 6 days, the
plates are liable to be effected by evaporation and a reduction in
data quality may be observed.
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2. Following incubation with drug, the plates are manually
checked under the microscope to ensure the positive control
drug(s) have effectively killed organoids, and organoids pres-
ent in the negative control wells are healthy.

3. To quantitate the effect of drugs on cell viability, CellTiter-Glo®

2.0 Luminescent Cell Viability Assay (Promega) can be used.
CellTiter-Glo® 2.0 determines the number of viable cells in a
well based on the quantification of ATP present, an indicator of
metabolically viable cells. Addition of CellTiter-Glo® 2.0 leads to
cell lysis and generation of a luminescent signal proportional to
the amount of ATP present, and thus indirectly measures cell
number.

4. For each 384-well plate approximately 4 mL of CellTiter-Glo®

2.0 is required, add 10 mL to the total volume required to
account for dead volume of the XRD-384.

5. Prior to the addition of CellTiter-Glo® 2.0, remove plates from
the incubator and allow them to equilibrate to room tempera-
ture for 10 min.

6. Program the XRD-384 to dispense 10 μL. Following the flush-
ing of the machine as described in Section 3.2, prime the
machine with CellTiter-Glo®2.0 and dispense 10 μL to all
wells of the 384-well plate(s) (see Note 13).

7. Incubate the plates at room temperature for 20 min before
reading plate luminescence using a Paradigm plate reader
(Molecular Devices) (see Note 14).

3.6 Data Quality

Checks and

Downstream Analysis

1. Quality control metrics are calculated for each plate prior to
further analysis:

(a) Coefficient of variation (CV): The CV of the negative
control wells determines the variation in the luminescence
of the negative control wells on each plate. It is calculated
by dividing the standard deviation of the luminescence of
the negative controls wells by their mean luminescence.
For an organoid drug screen, CV values of less than 0.22
are acceptable.

(b) Z-factor: The Z-factor (also known as Z-prime) is com-
monly used in high-throughput screens and measures the
assay dynamic range and data variation using both the
positive and negative controls [17]. The calculation deter-
mines if the effect observed between the positive and nega-
tive controls is large enough to make comparisons with
drugs of unknown effect. The Z-factor can be calculated
using each of the positive control drugs present on the drug
plate (seeNote 4d). Organoid plates with a Z-factor of 0.4
or greater are generally of good quality. This threshold is
slightly lower than we would typically use for a cancer cell
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line (Z-factor >0.5) due to the increased technical
complexity of screening 3D organoid cultures.

(c) DMSO effect: The ratio between the negative control
wells containing DMSO and those without DMSO is
calculated. This is to ensure that the concentration of
DMSO present in the drugged wells (0.1 % DMSO)
does not have a significant effect on cell viability. A ratio
of between 0.8 and 1.2 is required.

2. Following completion of the above quality metrics, the data
can be normalized or the raw intensity data can be used for
curve-fitting.

(a) Data normalization.
Normalization is completed using the following
calculation:

Raw intensity signal�Mean of positive controlð Þ=
Mean of negative control�Mean positive controlð Þ

For drugs where the concentrations selected have gener-
ated a dose–response curve, measurements such as the
IC50 (half-maximal inhibitory concentrations) and AUC
(area under the curve) can be calculated to assess and
compare sensitivity.

(b) Curve-fitting.
Commercial software packages such asGraphPadPrism and
Microsoft Office Excel can also be used to analyze the data
generated from the drug screen assay. Curve-fitting algo-
rithms for modeling drug response are also available [18].

4 Notes

1. Basement membranes are specialized extracellular matrixes in
tissues that form an interface between a number of cell types
and the adjacent stroma. The basement membrane supports cells
and also plays a role in tissue organization. BME-2 is a soluble
basement membrane purified from Engelbreth-Holm-Swarm
(EHS) tumor. The major components of BME-2 are laminin,
collagen IV, entactin, and heparin sulfate proteoglycan.

2. Always keep BME-2 on ice, even when diluted with media, it
will begin to polymerize at temperatures above 10 �C and will
rapidly polymerize between 22 �C and 35 �C.

3. The Y-27632 compound is not required to be added to the
media to prevent anoikis, as the organoids are dispensed fully
formed and not as single cells for drug screening.
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4. When designing a plate layout to assess the drug sensitivity of
multiple drugs, adhering to the following guidelines will
increase the likelihood of generating usable, quality data, as
well as providing sufficient data to calculate quality control
metrics (discussed in Section 3.6).

Guidelines and decisions to be made:

(a) Avoid using the outside wells of a 384 well-plate. These
wells are liable to edge effects and thus the data generated
in these wells is often unreliable.

(b) Distribute the negative control wells across the 384 well-
plate. This allows you to detect areas of the plate that may
have been affected by edge effects, thermal gradients, or
other artifacts such as dispensing errors, and which may
affect downstream interpretation of results. Dedicate
approximately 25 wells as negative control wells.

(c) Decide on the number of drug concentrations per dose-
response. Using a greater number of concentrations per
dose-response generally results in a more accurate mea-
surement of drug sensitivity. However, there is a compro-
mise between the number of concentrations assayed and
the number of drugs which can be screened on a plate. We
find that a 7-point dose–response curve using a half-log
fold dilution, covering a 1000-fold concentration range,
allows for the generation of an informative dose–response
curve with sufficient data from which the IC50 and AUC
can be calculated.

(d) Distribute the positive control wells across the 384 well-
plate. Dedicate at least six wells as positive control wells.
If possible include more than one positive control drug
because it is our experience that some cancer organoid
cultures are resistant to one or more of the positive
control drugs. It is also good practice to include a dose-
response of a positive control drug to ensure a
dose–response effect is observed. We use MG-132 at
4 μM and staurosporine at 2 μM as positive controls. If
an organoid culture is insensitive to the positive control
drug(s), the Z-factor can be calculated using the blank
wells.

5. If drugs are stored frozen, avoid more than 3–4 freeze–thaw
cycles as drug activity can be affected from multiple cycles.
Drugs can be kept long-term in StoragePods® (Roylan
Developments).

6. Drug dilutions are prepared in a source plate at a concentration
of 1000� of the desired final screening concentration, rather
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than directly adding drugs from the stock to the screening
plate. This is to ensure the volumes dispensed are accurate
and to maintain a final DMSO concentration of 0.1 %. For
example, the highest drug concentration at 1000� requires
transfer of 40 nL to a well of a screening plate containing
40 μL total volume. However, less than 1 nL of this stock
would be required at lower drug concentrations. Because
such low volumes cannot be accurately dispensed using our
robotics, we generate the dose–response curves in a source
plate but using larger volumes (typically 10 μL). The source
plate can then be used for drugging multiple screening plates.

7. Drug concentrations are selected to fully inhibit the target of
interest based on prior knowledge and reading of the literature.
We generally avoid exceeding concentrations of 10 μM due to
the increased likelihood of off-target drug activity at higher
concentrations.

8. The plates containing a layer of 7.5 mg/mL of BME-2 can be
stored in a 37 �C, 5 % CO2 incubator for a number of hours
but we do not recommend storing them overnight as the
consistency of the BME-2 can be affected.

9. The organoid suspension should be as homogeneous in size as
possible to allow for even dispensing of organoids in to screen-
ing plates. During the counting of the organoids, if it appears
that the organoid suspension is not homogenous in size, the
suspension can be filtered using a 20 μM cell strainer prior to
recounting.

10. Cultures are plated as formed multicellular organoids. During
the harvesting procedure, some organoids may break into
smaller clumps of cells and these will reform into organoids
following the overnight incubation prior to drugs being added.
As there are multiple cells per organoid, we are unable to give a
precise cell number per well but our work has found that
15,000–20,000 organoids per mL generates sufficient signal
to measure drug response.

11. Keep the organoid suspension moving when dispensing to
prevent the organoids falling to the bottom of the collection
tube, leading to uneven dispensing.

12. For the drug screen, the organoids are dispensed on top of a
layer of 7.5 mg/mL BME-2 rather than embedded in the
BME-2. The end-point of the assay requires the cells to be
lysed in order to measure cell viability and we have found
improved cell lysis when the organoids are not embedded in
BME-2, which subsequently improved data quality and consis-
tency. We have not observed any effects on organoid growth or
morphology when overlaying rather than embedding cells.
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13. A 1:1 dilution of CellTiter-Glo® 2.0 is recommended by the
manufacturer. We use a 4:1 dilution (4 media:1 CellTiter-Glo®

2.0) and have found no improvement in data quality when
using the recommended volume.

14. An increased incubation time is used when assaying organoids
with CellTiter-Glo® 2.0 as we have found improved cell lysis
and signal.
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