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Abstract

Many potential chemotherapeutics fail to reach patients. One of the key reasons is that compounds 

are tested during the drug discovery stage in two-dimensional (2D) cell cultures, which are often 

unable to accurately model in vivo outcomes. Three-dimensional (3D) in vitro tumor models are 

more predictive of chemotherapeutic effectiveness than 2D cultures, and thus, their 

implementation during the drug screening stage has the potential to more accurately evaluate 

compounds earlier, saving both time and money. Paper-based cultures (PBCs) are an emerging 3D 

culture platform in which cells suspended in Matrigel are seeded into paper scaffolds and cultured 

to generate a tissue-like environment. In this study, we demonstrate the potential of matrix-assisted 

laser desorption/ionization–mass spectrometry imaging with PBCs (MALDI-MSI-PBC) as a drug 

screening platform. This method discriminated regions of the PBCs with and without cells and/or 

drugs, indicating that coupling PBCs with MALDI-MSI has the potential to develop rapid, large-

scale, and parallel mass spectrometric drug screens.
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Despite substantial efforts to improve therapeutic options for patients, few novel drugs are 

introduced to the market each year. Drugs that transition past the discovery phase have an 

84% chance of failure in either preclinical or clinical studies.1 Part of this failure rate is 

caused by the reliance of in vitro drug discovery research on two-dimensional (2D) cell 

cultures. 2D cultures are easy to use and evaluate but fail to recapitulate the complexity of in 

vivo tissue.2 In three-dimensional (3D) cell culture systems, cells more accurately represent 

tissues than cells in 2D culture environments,3,4 thus making them a valuable tool for the 

evaluation of pharmaceuticals.5–7 Examples of 3D cell culture systems include organoids,8 

spheroids,9 organ-on-chip devices,10 cells grown in Matrigel,11–14 and paper-based cultures 

(PBCs).15,16

PBCs are easy to assemble and compatible with a wide range of cell types.15,17–22 In PBCs, 

cells suspended in Matrigel that mimics the native extracellular matrix are seeded in zones 

on individual sheets of paper. Wax-printed barriers surround each discrete zone to prevent 

chemical communication between adjacent cultures. PBCs have been previously analyzed 

with a variety of methods.22 For example, live cells have been analyzed directly in the paper 

scaffold with microscopy, and their contents have been analyzed after lysis with common 

molecular biology techniques.17,20,21,23–25 While all of these techniques are capable of 

evaluating cellular responses to drugs, none used thus far are capable of quantifying drug 

metabolism.

There is a need for a streamlined method to quantify cellular responses to drugs in PBCs as 

well as the concentrations of these drugs and their metabolites. In spheroids and tissue 

slices, fluorescence microscopy and autoradiography have been used to map drug 

distributions.26,27 Single-cell metabolite studies using Förster resonance energy transfer 

(FRET) have indirectly quantified small-molecule metabolites.28,29 Nuclear magnetic 

resonance (NMR)-based techniques have provided a platform to study intact tissue, organs, 

and other solid materials.30 Vibrational spectroscopy such as Raman microscopy has been 

used to distinguish certain metabolites that contain vibrationally active chemical bonds and 

provide subcellular spatial resolution.31,32

Optical techniques and autoradiography, such as scintillation counting,33 have also been 

utilized. These approaches require spectroscopically unique functional groups, fluorescence 
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labels, or radioisotopes. Additionally, the use of labels in fluorescence studies can 

potentially affect the kinetics of diffusion, partitioning into the cell, and metabolism of the 

drug. Drugs that are intrinsically fluorescent can also be problematic as they can be affected 

by fluorescence quenching. While the fluorescent drug distribution can be assessed, other 

non-fluorescent species such as metabolites cannot be simultaneously analyzed. FRET 

biosensors can provide good sensitivity, but the fluorescence can often be perturbed by 

changes in the microenvironment (e.g., pH, temperature, chemical property of the solvent).34 

NMR spectroscopy, although inherently quantitative, still lacks the sensitivity that mass 

spectrometry routinely provides. Finally, Raman microscopy can generate spectra from the 

sample that are highly spectroscopically active and thus lead to having complex spectra that 

renders them less suitable for multiplex analyses.35

None of the methods mentioned above for the quantitative evaluation of drug concentrations 

have been applied to PBCs. For this platform to be effective in drug development studies, the 

analytical methodology must not only be quantitative but also be capable of assessing drug 

distribution and metabolism in a spatially defined manner. A discovery measurement 

approach that determines the distribution of several analytes simultaneously would also be 

advantageous, as many diseases are treated with combination chemotherapy regimens. For 

example, the folinic acid(leucovorin)/5-fluorouracil/irinotecan (FOLFIRI) or folinic acid/5-

fluorouracil/oxaliplatin (FOL-FOX) combination therapies are commonly used to treat 

colorectal cancer.36

Matrix-assisted laser desorption/ionization–mass spectrometry (MALDI-MS) is an ideal 

platform for visualizing biomolecules in situ without the need for labeling. It is capable of 

rapid and multiplex analyses of drugs and their metabolites. The technique is widely used to 

analyze tissue sections37–40 and has been applied to examine 3D cell cultures, including 

organoids41 and the spheroid model system.42–51 Advanced data informatics platforms have 

emerged to aid in mining the large amounts of data generated by a single mass spectrometry 

imaging experiment.52 Additional bioinformatic solutions such as correlating spatially 

colocalized images have also proved useful to identify potential biomarkers based on their 

spatial components.53–55

There has only been one report of mass spectrometry directly from a PBC.56 In this 

manuscript, Chen et al. used paper spray ionization to quantify cyclophosphamide (CPA) 

from PBCs containing human liver carcinoma cells (HepG2).56 Although this method is 

capable of detecting drug molecules from PBCs, spatial localization is lost as the CPA 

molecules were eluted from the polycarbonate paper scaffolds with isopropanol. This 

method is also lower throughput, as each paper scaffold must be individually coupled to a 

voltage source and analyzed. The current study expands on the work of Chen et al.56 and 

includes the successful detection of the drugs irinotecan and doxorubicin from PBCs by 

MALDI-mass spectrometry imaging (MSI). We also demonstrate that MALDI-MSI can 

easily discriminate among the different regions of the PBCs: discrete zones containing cells 

suspended in a Matrigel; zones containing Matrigel alone; or the wax barrier regions that 

separate each zone. These initial experiments provide the framework needed to establish a 

high-throughput MALDI-MSI-PBC drug screening platform.
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EXPERIMENTAL SECTION

Cell Culture.

The colon carcinoma cell line HCT 116 (ATCC, Manassas, VA) was maintained in McCoy’s 

5A cell culture medium (Corning, Manassas, VA) supplemented with 10% fetal bovine 

serum (FBS), 1% L-glutamine, 25 mM HEPES, and 1% penicillin–streptomycin. All cell 

culture supplements were Gibco (Life Technology, Grand Island, NY) except for FBS 

(VWR, Radnor, PA). Cells were maintained as monolayers at 5% CO2 and 37 °C; the 

medium was exchanged approximately every 48 h, and the cells were passaged at 80% 

confluency. Cell lines were used within 15 passages or 3 months after resuscitation of frozen 

aliquots from liquid nitrogen. The cells were verified by Short Tandem Repeat (STR) 

sequenci006Eg in 2016.

Paper Scaffold Preparation.

Wax-patterned paper scaffolds were prepared as described previously.17,57 Briefly, sheets of 

40 μm-thick Whatman 105 lens paper were wax-patterned with a commercial printer (Xerox 

ColorQube 8580) to contain nine 2.85 mm diameter zones surrounded by black wax. Each 

scaffold was sterilized under ultraviolet light for at least 1 h prior to usage. On each scaffold, 

five of nine zones were seeded with 84 000 HCT 116 cells suspended in 0.5 μL of Matrigel 

for a final density of 3.29 × 108 cells/cm3. The remaining four zones were seeded with 0.5 

μL of Matrigel. The seeded scaffolds were incubated at 5% CO2 and 37 °C overnight. The 

scaffolds were individually removed from the medium, placed in a 1.5 mL Eppendorf tube, 

flash-frozen in liquid nitrogen, and stored at −80 °C. Prior to analysis, the PBC scaffolds 

were thawed and dried in a vacuum centrifuge for 5 min to remove any moisture. Double-

sided copper tape (Electron Microscopy Sciences, Hatfield, PA) was placed on a 384-well 

MALDI target plate. The PBC scaffold was carefully placed on the tape while avoiding any 

folds and creases in the paper. To fully secure the PBC scaffold to the target plate, the paper 

was flattened by rolling a 20 mL scintillation vial over the scaffold. This resulted in a flat 

surface with no observable damage to the paper itself.

MALDI-MSI Sample Preparation and Data Acquisition.

For the drug imaging experiments, 0.5 μL of 500 μM aqueous solutions of irinotecan 

(Sigma-Aldrich, St. Louis, MO) and doxorubicin (Sigma-Aldrich, St. Louis, MO) was hand-

spotted onto individual zones of PBC scaffolds. For the calibration curve imaging 

experiments, two methods for applying the internal standard (IS), irinotecan-d10 (Santa Cruz 

Biotechnology, Dallas, TX), were compared. In the first method, 100 μM IS was spiked into 

solutions containing various concentrations of irinotecan. These solutions were hand-spotted 

(0.5 μL) on individual zones. In the second method, paper scaffolds were prespotted with 

different concentrations of irinotecan. Then, 100 μM IS was applied to the scaffolds by 

nebulization, using a Model M5 TM-Sprayer (HTX Technologies, Chapel Hill, NC). The IS 

solution was uniformly applied in four spray passes in a crisscross pattern and using the 

following device settings: nozzle temperature, 30 °C; pressure, 10 psi; gas flow rate, 3 L/

min; nozzle height, 40 mm; IS flow rate, 0.05 mL/min; moving velocity, 1000 mm/min; 

track spacing, 2 mm; dry time, 30 s.
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The MALDI matrix was applied after application of the IS. The MALDI target plate 

containing the scaffolds was placed in a vacuum desiccator for 15 min before the matrix 

application. A solution of 2,5-dihydroxybenzoic acid (DHB) (Acros Organics, New Jersey) 

was dissolved in 50:50 acetonitrile/water with 0.1% trifluoroacetic acid (TFA) to make a 

final concentration of 10 mg/mL. The matrix solution was filtered through a 0.22 μm filter 

and applied to the mounted PBCs using a Model M5 TM-Sprayer. The matrix was uniformly 

applied in eight passes in a crisscross pattern and using the following device settings: nozzle 

temperature, 70 °C; pressure, 10 psi; gas flow rate, 3 L/min; nozzle height, 40 mm; flow 

rate, 0.1 mL/min; moving velocity, 1000 mm/min; track spacing, 2 mm; dry time, 30 s.

Before mass spectrometric analysis, the MALDI instrument was calibrated using red 

phosphorus dissolved in water with a final concentration of 50 mg/mL.58 MALDI-MSI was 

performed on a Bruker SolariX 15T Fourier transform-ion cyclotron resonance (FTICR) 

mass spectrometer (Bruker Daltonics, Billerica, MA). Mass spectra were acquired in 

positive ion mode with 500 laser shots per spot. The raster step was set to 200 μm while the 

laser focus was set to small. The laser power was set at 30–40% with a sampling frequency 

of 2 kHz. Mass spectra were acquired in a mass range of 100–1000 m/z. The estimated 

resolving power for each acquisition was 60 000 at 400 m/z and with a transient length of 

0.2097 s. Tandem mass spectrometry (MS/MS) was conducted using collision induced 

dissociation (CID) with an isolation window of 5.0 m/z, a collision energy between 15 and 

19 eV, a collision RF amplitude of 2000.0 V, and an RF frequency of 2 MHz. Images were 

processed using the SCILS Lab 2016b software package to generate ion maps with a 

semiquantitative color scale bar that was normalized to total ion count.

Data Analysis and Spatial Segmentation.

Spatial segmentation of paper scaffold imaging data was performed in the SCiLS Lab 2016b 

software package, using the bisecting k-means clustering algorithm. The segmentation map 

was generated from a cluster dendrogram, which was further interrogated to discriminate 

regions in the paper scaffold. MS images of analytes colocalized to specific regions were 

extracted, using Pearson’s correlation coeffcient between the region-of-interest (ROI) and 

MS image as a metric for colocalization. This was determined within the SCiLS software 

package by comparing the shape of an MS image against the specific segmented region.

RESULTS AND DISCUSSION

3D cell culture models such as PBCs offer a versatile method of culturing cells for a broad 

range of studies.59 MALDI-MSI is a promising platform to study drug distribution and 

metabolism in PBCs and will supplement viability data sets by offering increased chemical 

information without the need for imaging probes or other labels. Here, we apply MALDI-

MSI for analyzing sections of PBCs, with the goal of developing a high-throughput drug 

screening platform. As a proof-of-principle, we analyzed individual PBC scaffolds 

containing nine zones, where five were seeded with the HCT 116 human colon cancer cell 

line suspended in Matrigel and the four remaining zones were loaded with only Matrigel. In 

each scaffold, two cell-laden zones and two Matrigel-only zones were hand-spotted with a 

solution containing the cancer therapeutic drugs irinotecan and doxorubicin to determine if 
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the drugs could be ionized and detected in the four zones. We then determined the analytical 

response for drug detection using irinotecan and compared two methods by applying a 

deuterated internal standard for quantification. To demonstrate that our MALDI imaging 

pipeline can handle large data sets, we employed the SCiLS software package to aid in data 

processing by generating segmentation maps by using the bisecting k-means clustering 

algorithm. A binary cluster dendrogram was obtained for every analysis, which was further 

segmented into subclusters associated with regions in the sample. These maps were able to 

distinguish chemically similar regions on the paper scaffold. The workflow for the imaging 

experiments is shown in Figure 1.

Spatial Segmentation.

Mass spectrometry imaging data from a single experiment can generate a rich data set that 

can be difficult to navigate. We chose the bisecting k-means clustering algorithm to analyze 

the data sets collected across multiple PBCs, each representing a biological replicate, 

because it has previously been shown to be better suited for comparing multiple images as it 

is computationally more efficient than conventional hierarchical clustering methods.52,60–64 

The analysis of a single PBC resulted in five distinct regions (Figure 2): cell-laden zones, 

cell-laden zones with a drug, Matrigel-only zones, Matrigel-only zones with a drug, and the 

wax barriers surrounding the zones. With minimal modification to the automatic 

segmentation performed by the software, it was possible to visualize differences in each 

zone, based on their mass spectral profile. This segmentation step can potentially aid in 

further drug screening studies, spatial localization studies, and enhancement of our 

subsequent data mining.

Ionization and Detection of Cancer Therapeutic Drugs.

For targeted drug studies, PBCs were spotted with a drug solution containing both 500 μM 

irinotecan and doxorubicin after mounting the scaffold onto the conductive tape. The PBC 

scaffolds were dried on the benchtop, and the matrix was applied using a robotic sprayer. 

Optimization of matrix concentrations and spraying conditions for the M5 sprayer resulted 

in the selection of 10 mg/mL DHB, as listed in the Experimental Section.

As shown in Figure 3, irinotecan and doxorubicin were detected with very low mass-to-

charge error as the [M + H]+, [M + Na]+, and [M + K]+ species in both the cell-laden and 

Matrigel-only zones. Upon acquiring the MS imaging data, we noticed a difference in the 

ionization efficiencies of the [M + H]+ species between the cell-laden and Matrigel-only 

zones. We hypothesize that the ionization difference results from the composition of each 

zone type. One type of zone is a uniform composition of Matrigel, while another is a 

mixture of cells and Matrigel. We presume the drug distributes through the Matrigel with an 

equal diffusion constant since the composition and density of each Matrigel-only zone are 

the same. On the other hand, the cell-laden zones are affected by a different diffusion 

constant due to the presence of cells, as partitioning across the lipid membrane is the rate 

limiting step for these volumes.

We subsequently tested the analytical signal response of cancer therapeutics using 

irinotecan. PBCs containing only Matrigel were spotted with nine different concentrations of 
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irinotecan (0.05–50 μM) as shown in Figure 4A. We used PBCs spotted with only Matrigel 

as we wanted to avoid effects that could arise from slightly different cell densities due to 

experimental and setup error. We chose these concentrations based on previous MALDI-

MSI studies of HCT 116 spheroids dosed with these drugs.42,46 Additionally, a previous 

MALDI-MSI study on the distribution and quantification of irinotecan on murine liver used 

a similar concentration range.38

To correct for signal variability, we applied irinotecan-d10 as an internal standard (IS) using 

two methods: cospotting the IS with irinotecan directly on each zone and spraying the IS on 

zones that were prespotted with irinotecan using a robotic matrix sprayer. The calibration 

curves for both methods are shown in Figure 4B. The mean intensity of irinotecan in each 

zone was normalized to the mean intensity of the IS. Three scaffolds were prepared and 

analyzed and were considered as technical replicates for this analysis. The calibration curves 

suggest a linear response over this concentration range. The spraying method appears to 

indicate a better linear response than the spotting method, which is likely due to the 

propagation of error from manually adding a known volume of the IS to each sample and 

then having to manually spot each solution to each well. The spraying method, on the other 

hand, provided a uniform and automated application of the IS throughout the PBC scaffold, 

and thus, any error associated with the addition of an internal standard was minimized. 

While most of our efforts focused on detecting irinotecan on PBC scaffolds, we also 

explored the detection of doxorubicin as shown in Figure S3. We have also detected this 

cancer therapeutic at different concentrations.

Detection of Spatially Localized Molecules.

Following the confirmation of targeted drug molecule ionization from the paper scaffold, we 

investigated the detection of endogenous molecules from the cell-laden and Matrigel-only 

zones. The spatial segmentation created the region-of-interest (ROI) that was used to extract 

the MS images of analytes having a high spatial correlation with the ROI. For example, 

using the ROI for the cell-laden zones, we were able to create MS images of analytes that 

spatially localized only in these zones. The colocalization was measured by the correlation 

between the ROI and the MS image and quantified by their Pearson’s correction coefficient, 

which considers how the high-intensity regions of the MS image correlate with the ROI. 

This approach was previously demonstrated in extracting MS images and mapping anatomic 

regions of rat brain tissue and mouse kidney by MALDI-MSI.52,65

Highly correlated m/z images with the ROI representing the cell-laden or Matrigel-only 

zones are shown in Figure S1; all images have a Pearson’s correlation coefficient of at least 

0.50. Figure 5 illustrates the localization of ions that have been putatively assigned as 

sphingomyelin (SM) and phosphate-dylcholine (PC) lipids, SM(d34:1), PC(32:0), and 

PC(34:1) at m/z 725.5562, m/z 754.5338, and m/z 760.5842, respectively. MS/MS spectra 

(Figure S4) were collected directly on the cell-laden zone for each lipid species and have 

shown the characteristic fragment ion m/z 184.0, which corresponds to the phosphocholine 

headgroup. Unfortunately, tandem mass spectrometry analysis lacked the separation of 

isobaric or near-isobaric species prior to detection, which we have observed in these MS/MS 

spectra (Figure S4). Nonetheless, the current data indicates that these lipids are cell-specific, 
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as they were not detected in the Matrigel-only zones (Figure S1B). The m/z values of each 

MS image in Figure S1 are listed in Table S1.

The high mass resolution FTICR gave us the confidence to determine putative chemical 

assignments solely by their accurate mass when searched against online databases such as 

Human Metabolome Database (www.hmdb.ca)66 or LIPID MAPS (www.lipidmaps.org).67 

The current results are not solely dictated by the mass spectrometer but also the sample 

preparation. Regardless of the mass analyzer, this label-free approach can simultaneously 

generate spatially resolved maps of relative drug abundance in PBCs, a technique we term 

MALDI-MSI-PBC. To further verify the robustness of our data analysis workflow, we 

analyzed a different PBC scaffold that contained cell-laden and Matrigel-only zones at 

different locations than those in Figure 2. As shown in Figure S2, the spatial segmentation 

discriminated the ROI on the basis of the chemical signatures of the zones. The cell-laden, 

Matrigel-only, and drug-dosed zones as well as the wax regions have been segmented 

appropriately using the current workflow. This MALDI-MSI-PBC coupled approach could 

open a gateway for drug screening to rapidly determine if a drug is efficacious and 

simultaneously acquire spatially resolved images of the different cell populations.

CONCLUSIONS

In this study, we established that a MALDI-MSI-PBC drug screening platform is able to 

assess drug penetration and metabolism in an untargeted, rapid, and automated manner for a 

large number of samples. We were able to discriminate zones within the PBC scaffold using 

a spatial clustering algorithm and identify the therapeutic drugs irinotecan and doxorubicin 

colocalized on the correct regions of individual PBC scaffolds. Using two methods to apply 

a deuterated internal standard, we were able to determine the linear response of irinotecan on 

PBC scaffolds. Using MALDI-MSI-PBC, we can simultaneously and rapidly visualize the 

presence of the drug and its metabolites as well as any resulting chemical changes in the 

cell. While MALDI-MSI provides sequential analysis, rich chemical data sets can be 

obtained from a multizone PBC scaffold in 1 h or less.

While not investigated in this current study, PBC scaffolds can be assembled as a tumor-like 

structure with a physiologically relevant microenvironment.17 The rapid disassembly of the 

PBC stacks enables spatially resolved data sets in three dimensions for the further study of 

cellular response to drugs: the z-direction from the stacked structure and the x- and y-

directions from the MALDI-MSI. In our future experiments, we will also adapt 96-zone 

PBCs that we previously used to screen estrogen receptor alpha agonists and antagonists.68 

The chemical information provided by MALDI-MSI-PBC can also be complemented by 

additional cellular assays to better understand chemotherapeutic metabolism in relation to 

the local cellular environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MALDI-MSI-PBC workflow. First, wax patterns were printed onto Whatman 105 lens 

paper. Next, the zones of the patterned scaffolds were seeded with either cell-laden Matrigel 

or Matrigel only. After an overnight incubation in culture medium, the scaffolds were dried 

using a vacuum centrifuge and then mounted onto a MALDI target plate with double-sided 

conductive tape. Next, the drug solutions were spotted onto selected wells and allowed to 

redry. Matrix was then applied using a robotic sprayer. Finally, the scaffolds were analyzed 

with MALDI-MSI to generate the ion density maps.
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Figure 2. 
Segmentation map and cluster dendrogram of PBCs. (A) Optical image of the PBC scaffold. 

(B) Segmentation map of MSI data using the bisecting k-means algorithm. (C) Dendrogram 

of the correlation distance of subclusters representing distinct regions of the PBC. Note that 

the algorithm discriminated the dosed wells that contained cells and the wells that only 

contained Matrigel. Scale bar is 2 cm.
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Figure 3. 
MALDI-MS images of cancer drugs. MALDI-MS images of the same scaffold containing 

(A) 500 μM doxorubicin and (B) 500 μM irinotecan in Matrigel-only (top corners) and cell-

laden (bottom corners) zones. The images are arranged as columns (from left-to-right) for 

the [M + H]+, [M + Na]+, and [M+K]+ species, along with their respective mass error.
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Figure 4. 
Irinotecan signal response on PBC scaffolds. (A) MALDI-MS images of irinotecan-d10 (m/z 
597.3511) spotted and sprayed on PBC scaffolds (n = 3), MALDI-MS images of irinotecan 

(m/z 587.2875) spotted on PBC scaffolds at different concentrations (a: 50; b: 40; c: 30; d: 

25; e: 20; f: 10; g: 5; h: 1; i: 0.05 μM), and the corresponding optical images of the PBC 

scaffolds after spotting the drug. Scale bar is 3 cm. (B) Calibration curve plotted using the 

mean signal intensity ratio of the [M + H]+ for irinotecan/irinotecan-d10 of the spotted 

(black) and sprayed (red) (n = 3, ± SEM).
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Figure 5. 
MALDI-MS images of spatially localized ions in the cell-laden wells. Representative 

MALDI-MS images of SM(d34:1), PC(34:4), and PC(34:1) found to be highly correlative 

(Pearson’s correlation coefficient ≥0.50) with the segmentation map for the cell-laden wells. 

Scale bar is 2 cm.
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