
Sample Preparation Strategies for High-Throughput Mass 
Spectrometry Imaging of Primary Tumor Organoids

Jillian Johnson1, Joe T. Sharick2, Melissa C. Skala2,3, Lingjun Li1,4,*

1School of Pharmacy, University of Wisconsin-Madison, Madison, WI, USA

2Morgridge Institute for Research, Madison, WI, USA

3Department of Biomedical Engineering, University of Wisconsin-Madison, Madison, WI, USA

4Department of Chemistry, University of Wisconsin-Madison, Madison, WI, USA

Abstract

Patient-derived 3D organoids show great promise for understanding patient heterogeneity and 

chemotherapy response in human-derived tissue. The combination of organoid culture techniques 

with mass spectrometry imaging provide a label-free methodology for characterizing drug 

penetration, patient-specific response, and drug biotransformation. However, current methods used 

to grow tumor organoids employ extracellular matrices which can produce small molecule 

background signal during mass spectrometry imaging analysis. Here, we develop a method to 

isolate 3D human tumor organoids out of a Matrigel extracellular matrix into gelatin mass 

spectrometry compatible microarrays for high-throughput MS imaging analysis. The alignment of 

multiple organoids in the same z-axis is essential for sectioning organoids together and for 

maintaining reproducible sample preparation on a single glass slide for up to hundreds of 

organoids. This method successfully removes organoids from extracellular matrix interference and 

provides an organized array for high-throughput imaging analysis to easily identify organoids by 

eye for area selection and further analysis. With this method, mass spectrometry imaging can be 

readily applied to organoid systems for pre-clinical drug development and personalized medicine 

research initiatives.
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Introduction

Tumor organoids represent an important 3D cell culture strategy in pre-clinical drug 

discovery because large numbers (10s–1000s) of patient-derived organoids can be generated 

from a resected human tumor tissue sample.1 When grown in the laboratory, these small 

(100–800μm) organoids contain all or most of the types of cells that are present in the 
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original tumor2. They also closely recapitulate in vivo-like tissue architecture containing the 

genetic mutation drivers and morphological features of the cancer cells in the original tumor.
3–6 Organoids have been made from a variety of tumor types including colorectal7–9, 

pancreas10, 11, bladder12, prostate5, and breast cancers.13 Large numbers of organoid 

samples can be produced from a single patient, so large patient organoid biobanks can be 

generated that also contain correlated patient data and chemotherapy response.5, 14, 15 These 

biobanks can facilitate drug development and personalized medicine. Organoids are 

advantageous for drug discovery because of the relatively short culture time and large 

number of samples available for high-throughput drug testing, compared with the time 

needed to generate and test animal models of cancer. Additionally, organoids possess 

stromal cell types. This is particularly relevant for pancreatic cancer, where the stromal cells 

play a critical role in drug response and tumor progression.16–18 Organoids provide insights 

into patient and tumor heterogeneity in drug response in in pre-clinical drug development 

and can be used to design personalized medicine strategies to effectively tailor treatment 

regimens.10, 19 In this manuscript, we describe sample preparation strategies for applying 

matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) to a 

large number of organoids as a label-free methodology to image the localization of 

biomolecules.

MSI is a powerful technology that can image hundreds to thousands of molecules in a single 

experiment label free, as each molecule is tentatively identified based on its mass to charge 

ratio (m/z value) with confirmation of molecular structure typically provided with tandem 

mass spectrometry.20–22 MSI is an important analytical technique in drug discovery because 

it can image drug penetration and biomolecule distribution in organoids.7, 23–25 Here, we 

apply MALDI MSI to organoids and describe sample preparation strategies to improve 

throughput of mass spectrometry analysis of organoid systems. Imaging of intact organoids 

can account for cellular heterogeneity in tumor subpopulations present in organoids, 

contrary to methods that require tissue homogenization for analysis.19, 26 Organoids are 

formed by either a mechanical or enzymatic digestion of whole tissues into small tissue 

blocks, and then embedding these tissue blocks in a 3D matrix such as Matrigel, a basement 

membrane secreted by Engelbreth-Holm-Swarm mouse sarcoma.1, 27, 28 This material is a 

natural extracellular matrix-based hydrogel that allows organoids to develop epithelial-like 

layers, budding structures, and lumens. Matrigel is commonly used for tumor organoid 

formation because it better resembles the extracellular environment, due to the inclusion of 

many common extracellular matrix proteins and growth factors, which in turn increases the 

physiological relevance of the organoid tissue to the in vivo system of interest.11, 28 While 

Matrigel is ideal for 3D growth, these extracellular matrix components can sequester small 

molecules and peptides from the Engelbreth-Holm-Swarm mouse sarcoma secretions that 

can interfere with mass spectrometry signals in this analysis.30 Additionally, batch-to-batch 

variation in the production of Matrigel can introduce batch-dependent variation in these 

background signals. 31, 32

In this manuscript, we show that these interfering signals prevent MSI from being directly 

applied to organoids cultured in Matrigel. We then describe a centrifugation method to 

remove organoids from the Matrigel and transfer them into a gelatin microwell microarray 

format compatible for MSI. This microarray format contains multiple 800μm microwells 
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which align organoids on the same z-axis.35, 36 This sample preparation step is important for 

creating very thin sections needed for MSI, with each section containing an array of 

organoids. The microwell mold is commercially available, so this technique can be easily 

adapted for labs that regularly perform MSI. This sample preparation technique increases 

sample throughput and allows for stacking of multiple organoids on a single slide for 

reproducible sample preparation and high-throughput MSI analysis.

Organoids represent a fascinating platform for personalized medicine, particularly because 

the tissue features are preserved in vitro. This makes them ideal candidates for applying MSI 

to acquire chemical information about cellular heterogeneity within the tumor. Additionally, 

for organoids used in the drug development pipeline, MSI can be used to image drug 

penetration, metabolism, and pharmacodynamic markers in the organoids. The method 

described here can expand the application of MSI studies to organoid systems in a high-

throughput fashion.

Experimental Section

Organoid Sample Preparation—Human tissue was collected with informed consent. 

All studies were approved by the Institutional Review Board at the University of Wisconsin-

Madison. Surgically resected pancreatic cancer tissue was placed in cold chelation buffer on 

ice for one hour. The tissue was washed with phosphate buffered saline (PBS) and digested 

at 37°C in DMEM/F12 medium (Invitrogen, Thermo Fischer Scientific, Waltham, MA) 

containing 1 mg/mL collagenase (Sigma-Aldrich, St. Louis, MO), 0.125 mg/mL dispase 

(Invitrogen, Thermo Fischer Scientific, Waltham, MA), 10% Fetal Bovine Serum (FBS) 

(Gibco, Thermo Fischer, Waltham, MA), and 1% penicillin streptomycin solution (Gibco, 

Thermo Fischer Scientific, Waltham, MA) for 2–3 hours with intermittent shaking. The 

resulting cell macro-suspension was rinsed in PBS, re-suspended in 1:1 DMEM/F12: 

Matrigel, plated in 50 μL droplets, and allowed to solidify at 37°C, 5% CO2 in a cell 

incubator. Once solidified, droplets were overlaid with DMEM/F12 supplemented with 7% 

FBS, 20 μM Y-27632 (Sigma-Aldrich, St. Louis, MO), 50 ng/ml EGF (Invitrogen, Thermo 

Fischer Scientific, Waltham, MA), RSPO-conditioned medium (homemade) and 1% 

penicillin-streptomycin.

Drug Treatment—72 hours prior to organoid isolation, media was replaced with fresh 

media containing 10 μM 5-fluorouracil and 85 μM gemcitabine (5-FU + GEM). Doses were 

selected to replicate clinically relevant peak plasma concentrations.37 24 hours later, 

gemcitabine was removed from cultures to simulate single bolus delivery, while 5-FU 

exposure was maintained throughout the experiment to simulate daily oral delivery. Drugs 

were obtained from the University of Wisconsin Carbone Cancer Center Pharmacy.

Gelatin Microarray Preparation—3D Petri Dishes® Microtissues Molds (Sigma-

Aldrich, St. Louis, MO) purchased for use in 12-well plate for both large (800μm) 

microwells and small (200 μm) microwells, were used to pre-cast the gelatin microwell 

molds. 150mg/mL gelatin (Difco, Becton Dickinson, Franklin Lakes, NJ) dissolved in 

distilled water was heated to 37°C and then 500μL of dissolved gelatin was pipetted into 

each mold, ensuring to fill the mold and that no bubbles are in the mold. The filled molds 
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were kept at 4°C for 10min, or until solid, and then were carefully removed from the mold 

and placed into 15mm x 15mm x 5mm Tissue-Tek Cryomold (Sakura, Tokyo, Japan) for 

centrifugation.

Centrifugation of Organoids in Microarrays—Drug-treated and control organoids 

embedded in Matrigel were washed with 1mL 1X PBS for 3 times. The organoids in 

Matrigel were transferred into a 15mL centrifuge tube with 3mL of PBS, and then 

centrifuged at 1000 rotations per minute (rpm) for 5 minutes at 4°C. A wide-bore transfer 

pipette was then used to transfer the pellet of organoids in PBS into the microarray and then 

the cryomold with organoids is placed on top of a 50mL conical tube and spun for 5 minutes 

at 1000 rpm at 4°C. Following organoids settling into the microwells of the microarray, 

excess PBS was removed from the lip of the microarray. Organoids in the microarray were 

flash frozen on dry ice. Warm gelatin was poured into the mold to embed the microarrays for 

sectioning and MSI sample preparations. The samples were flash frozen and then stored at 

−80°C.

Sample Preparation for MALDI MSI—Flash frozen organoid microarrays were 

sectioned into 12 μm sections using a cryostat set at −20°C. Tissue sections were thaw-

mounted onto standard glass microscope slides. Dihydroxybenzoic acid (DHB) at 40mg/mL 

(in 50:50 methanol:water and 0.1% trifluoracetic acid) was applied using an automated TM 

Sprayer (HTX Technologies LLC, Carrboro, NC, USA). The matrix TM Sprayer conditions 

for DHB were: nozzle temperature of 80°C, flow rate of 0.05mL/min, 24 passes, 3 mm track 

spacing (rotate and offset) at a nozzle velocity of 1250 mm/min.

MALDI-Orbitrap MSI—A MALDI-Orbitrap mass spectrometer (Thermo Fischer 

Scientific, Waltham, MA), equipped with an N2 laser (spot diameter of 75 μm) was used in 

positive ion mode for imaging of the organoid microarrays. Imaging was performed using a 

mass range of m/z 50–1000 and a mass resolution of 60,000 (at m/z 400). The organoid 

array region to be imaged and the raster step size were controlled using the LTQ Tune 

software (Thermo Fischer Scientific, Waltham, MA) and the instrument methods were 

created using Xcalibur (Thermo Fischer Scientific, Waltham, MA). To generate images, the 

spectra were collected at 75 μm pixel intervals in both the x and y dimensions across the 

sample.

MALDI MSI Data Processing—MS data was processed using Xcalibur (Thermo Fischer 

Scientific, Waltham, MA) and ImageQuest (Thermo Fischer Scientific, Waltham, MA). MS 

data (in .raw format) was exported into imzmL format prior to uploading into MSiReader.
38, 39 All images were normalized to total ion current and peaks were extracted from 

organoid regions using a ratio of peaks found in more than 10% of the organoids, but less 

than 5% of the background noise (consisting of matrix and gelatin). Generated images were 

also manually checked. MSiReader data shows both treated and untreated organoids on the 

same relative intensity scale – ranging from 0– 100% scale. MS data as a non-centroided 

imzmL format is loaded into SCiLS software 2019 (SCiLS Lab Software, Bruker Daltonics, 

Bremen, Germany) for statistical analysis. Using SCiLS, we performed bisecting-k-means 

clustering to segment out the organoids from the microwells, which is a combination of 
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hierarchical clustering and k-means algorithms. We also performed Receiver Operator 

Characteristic analysis and t-test analysis in SCiLS to compare treated and control organoids 

for a comparison of m/z signals. METLIN metabolite database (Scripps Center for 

Metabolomics, La Jolla, CA) was used for accurate mass matching and lipid assignment 

with 5 ppm tolerance.40

Results and Discussion

Matrigel Interference

Matrigel, basement membrane secreted by Engelbreth-Holm-Swarm mouse sarcoma, was 

used to embed and culture 3D organoids to maintain in vivo morphology.28 These Matrigel 

hydrogels were cultured in 35mm glass-bottom dishes and then washed with 1X PBS 3 

times prior to harvesting the hydrogel for MSI. With Matrigel embedding, organoids are at 

multiple z-axis depths throughout the gel, thus, only a few organoids can be sectioned at a 

specific sample depth in the hydrogel. This limits the throughput of the analysis because 

multiple sections of the hydrogel must be analyzed to obtain larger populations of organoids. 

Additionally, because Matrigel is basement membrane, created from a cell line, secreted 

small molecules and peptides from the cell line can be sequestered in the protein mixture. In 

Figure 1, we imaged the organoids embedded in the Matrigel, which was then embedded in 

gelatin for stabilization during sectioning and for mass spectrometry analysis. A 

phosphatidylcholine head group peak, m/z 184.0722, a typical signal from the cell 

membrane, shows the placement of organoids within a 12μm thick section of Matrigel 

(Figure 1). The other m/z values in Figure 1 are used to demonstrate that while these signals 

are present in the organoids, they are also present in the Matrigel hydrogel. A thin white line 

is included in the figure to outline the Matrigel hydrogel boundary within the embedded 

gelatin. Gelatin is considered an MSI compatible material for small molecule and lipid 

analysis.41, 42 Supplemental Table 1 contains a list of all background peaks detected from 

the Matrigel, which are also found in the organoids themselves. These results from 

organoids embedded in Matrigel hydrogels also limit the number of organoid samples for 

MSI analysis. From this data, we conclude that the Matrigel itself creates confounding 

background noise for organoid MSI. To successfully image metabolite and peptide signals 

from the organoids themselves, organoids need to be removed from the surrounding 

Matrigel.

Microarray Method Development

To combat the Matrigel background signals, we developed a method to centrifuge out 

organoids from the Matrigel at 4°C. At this temperature, Matrigel transitions from a solid 

into a liquid, and using centrifugation at 1000 rpm for 5 minutes at 4°C, we successfully 

separate the organoids from the Matrigel liquid. A wide-bore plastic transfer pipette was 

used to transfer organoids into the gelatin microarray. The organoids were then centrifuged 

by placing the Tissue Tek cryomold on top of an open 50mL conical tube. The 

centrifugation of organoids in the gelatin microarrays allows them to settle into the 800μm 

microwells. While not all the microwells were filled by organoids, the microwells in the 

array were all present in the same z-axis. A brief overview of this modified workflow is 

described in Figure 2. Additionally, because of the grid architecture of the microarray, 
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finding organoids can be done by eye. In previous MSI studies of organoids, organoid serial 

sections underwent Hematoxylin & Eosin staining to locate the organoids in sectioned 

samples.7 The main advantage of this microarray method is the increase in organoid 

sampling, which is a result of aligning more organoids on the same z-axis for sectioning, as 

shown in Figure 3. This is a more high-throughput approach because more organoids can be 

analyzed in each section. Additionally, the same sample preparation steps, such as sectioning 

and matrix application, are duplicated across many organoids, resulting in improved 

reproducibility and less variability between organoids due to preparation. Day-to-day 

variations from the mass spectrometer and mass calibration are also minimized. Alignment 

of multiple organoids on the same z-axis also reduces sample preparation time, as organoids 

do not have to be sectioned one-by-one. Without z-plane alignment, multiple sections need 

to be taken at all depths of the Matrigel hydrogel to capture all the organoids present in the 

sample.

Drug Treatment in the Organoids

Using this microarray method, we tested organoid response to a combination of 5-

Fluorouracil (5-FU) and Gemcitabine (GEM), which is a common combination therapy 

given to pancreatic cancer patients. Organoids do not fall into all microwells in the array, so 

we first performed a bisecting-k-means algorithm, shown in Supplemental Figure 1, to 

reveal 1) the localization of organoids within the 800μm well platform and 2) the statistical 

variance in detected molecular compositions between organoids. The result of this 

segmentation analysis is an interactive binary hierarchical tree, which contains nested sub 

regions based on spectra unique to these specific regions. This bisecting k-means analysis 

reveals the chemical heterogeneity in the organoid composition, which is expected as 

organoids can contain multiple types of cells with distinct molecular compositions. This data 

shows the segmentation of the organoids based on chemical similarity. Data was analyzed 

using SCiLS software to compare peaks between the control and 5-FU + GEM treated 

organoids. Supplemental Table 2 contains a complete list of significantly different m/z 
values between the control and treated organoids. In Figure 4, we demonstrate differences in 

intensity of m/z peaks 348.0688 and 428.0352, which are both increased in 5-FU + GEM 

treated organoids. These peaks tentatively match within 5ppm accuracy to adenosine 

monophosphate (AMP), and adenosine diphosphate (ADP), respectively. This increase in 

ADP and AMP in the treated organoids is likely due to patient response from the therapy 

from application of the combination drug treatment and could indicate a decrease in cell 

viability in treated organoids.43–45 Further MS/MS confirmation of these molecules would 

be need to confirm this. In this analysis, we were unable to detect either 5-FU or GEM 

parent drugs or known drug active metabolites in the organoids, as shown in Supplemental 

Figure 2. The lack of signal of GEM and 5-FU in the organoid composition can likely be 

attributed to removal of the GEM drug after 24 hours, and the metabolism and/or excretion 

of the 5-FU drug.37 We did detect an accumulation of excretion of the inactive metabolite, 5-

flurouridine (FUdr), in the areas adjacent to the organoids, shown in Supplemental Figure 2. 

Despite not detecting the parent drugs and active drug metabolites in the organoids, we do 

identify the presence of significantly changed metabolites between treated and control 

organoids that correlate with the effectiveness of this treatment on these organoids, and drug 

excretion products surrounding the organoids. Further biological characterization of this 
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patient response indicates that these organoids are responsive to 5-FU+GEM combination 

therapy regimen.46

Expanding into Smaller 200μm Microwell Microarrays

While 800μm microarrays are ideal for aligning the organoids on the same z-axis for 

sectioning, it is possible for multiple smaller organoids to cluster and appear as a single 

organoid. We next investigated whether the use of 200 μm microarrays could prevent this 

clustering. In this experiment, organoids from the same patient were isolated closer to the 

time of passaging, resulting in smaller sized organoids. The same workflow shown in Figure 

2 was applied using 200μm well microarrays. The detected organoids are shown in 200μm 

wells in Figure 5, shown in red as m/z 184.0722. The microarray is shown as peak m/z 
434.3803, which is localized to the microarray. This peak is specific to the gelatin 

background, but does not appear in the organoids. The minimum spatial resolution used on 

the MALDI Orbitrap is 75μm, while this method of using small microarrays for organoids 

(<200μm) would be best applied using instrumentation capable of handling much higher 

spatial resolutions (5–10μm) for improved visualization of the spatial heterogeneity within 

small organoids. Although this method does not necessarily ensure that only one organoid 

will be located in each microwell, the organization of small organoids into a microarray 

makes them easy to identify. This smaller microarray approach can be applied for smaller 

organoid sizes, as some tumor organoids are not capable of forming organoids as large as 

800μm, even with longer incubation and maturation times.

Conclusion

This gelatin microarray technology enables high-throughput alignment of tens to hundreds 

of organoids in a single section for MSI analysis. This technique eliminates background 

noise by centrifuging organoids out of Matrigel, which shows high background signal in 

MSI analysis and contains similar interfering peaks with the organoids. These improvements 

in organoid sample preparation can be easily implemented using commercially available 

microwells or customized microfluidic technologies for easy implementation in labs that 

routinely perform MSI. For applications of MSI analysis of organoids in pre-clinical drug 

discovery and personalized medicine, the improved throughput and reduced sample 

preparation time resulting from the methods described in this manuscript will be important 

to reach timely and informed, clinically relevant chemotherapy decisions using human 

tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Organoids in Matrigel:
m/z 184.0722 is a peak resulting from a phosphatidyl choline head group which indicates 

where organoid cells are located in the Matrigel material. The white dotted line outlines 

Matrigel. m/z values 285.0634, 239.1049, 214.9708, 175.1189, and 240.0840 represent 

examples of small molecule background signal in the Matrigel. This background 

interference can complicate MSI analysis.
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Figure 2. Organoid Microarray Workflow:
Primary organoids are first grown in Matrigel. Media is removed, and organoids embedded 

in Matrigel are washed with 1X PBS three times and transferred to a microcentrifuge tube. 

The microcentrifuge tube is then centrifuged at 1,000 rpm at 4°C for 5 min to pellet out the 

organoids in the bottom of the microcentrifuge tube. The Matrigel is removed from the top 

of the tube, and then using a wide-bore pipette, organoids are transferred to the gelatin 

microwell, which is the nest in a cryomold sitting on top of a 50mL conical tube. 

Centrifugation is then applied at 1,000 rpm at 4°C for min to ensure that organoids lie evenly 

within the microwells. Excess PBS is removed following centrifugation, and the gelatin-

embedded organoids are flash frozen on dry ice and stored at −80°C prior to sectioning.
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Figure 3. Gelatin Organoid Microarray:
(Right) High-throughput MSI analysis of organoids can be performed in a gelatin microarray 

as a direct result of alignment in the same z-axis prior to sectioning compared to direct 

sectioning in Matrigel (left).
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Figure 4. Chemotherapy Treatment Alters Organoid Metabolites:
A. m/z 348.0688, tentatively identified as AMP, is significantly increased in 5-FU+GEM 

treated organoids versus controls B. m/z 428.0352, tentatively identified as ADP, is also 

significantly increased in 5-FU+GEM treated organoids versus controls.
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Figure 5. 200μm Microwell Organoid Microarray:
m/z 184.0722, a phosphatidyl choline head group, is shown in red to demonstrate the 

location of the small pancreatic cancer organoids. m/z 434.3803, shown in blue, is a 

background signal from gelatin microarray only. This overlay analysis of the organoids and 

the microarray demonstrates that organoids are aligned on similar z-axis for sectioning and 

hundreds of organoids can be imaged in a microarray by MSI.
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