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Abstract

Drug penetration into solid tumors is critical for the effectiveness of clinical chemotherapy.

Failing to consider the efficiency of drug penetration can lead to fatal recurrence in many cancers.

Three-dimensional (3D) cell cultures have served as an important model system and have

contributed to valuable assays in drug discovery studies. However, limited methodologies result in

incomplete evaluation of the distribution of many anticancer drugs. As a proof-of-concept study,

we have applied matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry

(IMS) in HCT 116 colon carcinoma multicellular spheroids to assess the distribution of the

anticancer drug, irinotecan. The time-dependent penetration of irinotecan was visualized and the

localization of three metabolites as well as the parent drug in treated spheroids was mapped. To

validate the identities of the metabolites, we analyzed extracts from drug-treated spheroids using

nanoflow liquid chromatography-tandem mass spectrometry (nLC-MS/MS). Ten metabolites were

identified with nLC-MS/MS, including those detected by MALDI IMS. This novel approach

allows the measurement of drug penetration and distribution in 3D culture mimics and provides a

more cost and time-effective approach for the testing of new pharmaceuticals compared to animal

models.

Fast growing tumors frequently have inadequate vasculature, creating a significant barrier

for chemotherapeutic agents to reach all cells within the tumor mass.1,2 This feature of the
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tumor microenvironment results in limited distribution of several anticancer drugs, which

has been shown to be a probable cause of clinical drug resistance.3–6 During pharmaceutical

development, one of the core goals is to understand the tissue distribution of drugs and their

metabolites.7 However, because of technical challenges, little is known about the ability of

even some of the most established anticancer drugs to fully penetrate solid tumors.8

The standard cell-based assay for testing anticancer agents is two-dimensional (2D) cell

cultures. 2D cell cultures are simple and convenient but do not accurately mirror the

structure, complexity and pathophysiology of in vivo tissue.2,9 Animal models are more

representative of the tumor environment; however, animal studies are comparably more

time-consuming and expensive to perform than cell culture for large-scale drug

screening.10,11 3D cell culture systems are becoming essential tools in bridging the gap

between unsophisticated 2D culture models and in vivo studies as they closely mimic the

tumor microenvironment in terms of cell–cell and cell–matrix interactions, and genetic

profiles.2,9,12,13 Among 3D cultures, multicellular spheroids are well studied and most

commonly used in assessing drug penetration.12 These tumor mimics can grow to a diameter

of 1 mm and the heterogeneity of the spheroid is similar to avascular microregions of

tumors.12,14 Spheroids display a pathophysiological gradient with an outer layer of actively

proliferating cells, a middle layer of quiescent cells, and a core of necrotic cells, as a result

of decreasing nutrient and oxygen concentrations from the exterior of the spheroid to the

center (Figure 1a).12–14 The complexity in these structures mimics the physiological barrier

for drugs to target cells in vivo, resulting in a heterogeneous response to anticancer drugs,

which is critical for pharmaceutical testing.2

Traditionally, direct assessment of the distribution of drugs in 3D tissue relies on

methodologies such as microscopy or autoradiography.15,16 Most drugs possess insufficient

color or fluorescent properties to be examined, except for certain clinical drugs like

doxorubicin and mitoxantrone.2,5,6 Also, metabolites that do not contain a radiolabel cannot

be detected.2,17 Other noninvasive imaging techniques such as positron emission

tomography (PET) and magnetic resonance imaging (MRI) do provide information on drug

dispersion in tumors, but the submillimeter and millimeters resolution is an obvious

deficiency in reflecting the microregional differences of drug distribution within tissues.18

MALDI IMS is a potent label-free technology, which enables visualization of a variety of

different endogenous and exogenous species directly from tissue sections.19–21 In this case,

a photoactive MALDI matrix is uniformly applied to the sample surface and cocrystallizes

with the analytes. When the analytes are irradiated with a laser, they are converted into the

gas phase and ionized. By rastering a laser over the sample surface, an ordered array of mass

spectra is acquired to generate an ion density map.

The MALDI imaging approach was initially developed for protein imaging.19,22 In a

previous study in our group, this technology was used to map spatial distributions of

proteins across spheroids from the colon carcinoma cell line HCT 116, with specific species

detected only in the central necrotic core and other proteins present throughout the

structures.14 Not only is MALDI IMS valuable in profiling proteins, for pharmacology

studies, it is also an attractive technology capable of providing a specific ion image for the
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simultaneous evaluation of drugs and their metabolites in tissue and whole animals.23–25 As

a small biomolecules-imaging tool, it does not require any specific labels for the analytes.

As a result, the approach can be used in a discovery mode to determine the location of novel

metabolites. Applications in analyzing pharmaceutical agents have shown success in studies

of cancer,26–28 lung diseases,29,30 and brain diseases.31–33

The focus of this study is to expand MALDI IMS in 3D spheroids for assessing the

distribution of pharmaceuticals and their metabolites. As a proof-of-concept study, we

started with evaluation of 7-ethyl-10-[4-(1-piperidino)-1-piperidino]-carbonyloxy

camptothecin or irinotecan, a water-soluble drug given clinically for colon cancer.34

Irinotecan can be converted into the active metabolite 7-ethyl-10-hydroxycamptothecin

(SN-38) in vivo by carboxylesterases.34,35 Binding to its target Topoisomerase I, which

plays a significant role in DNA replication and transcription, SN-38 interferes with DNA

synthesis, and repair process and finally leads to cell death.36 The alteration of SN-38 to a

glucuronide metabolite (SN-38G) can inactivate the active metabolites being formed.35,36

Other metabolites from irinotecan such as 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-

piperidino]carbonyloxycamptothecin (APC) and 7-ethyl-10-(4-amino-1-piperidino)

carbonyloxycamptothecin (NPC) are from oxidation reactions mediated by cytochrome

P-450 (CYP) 3A.34,35,37 APC and NPC are both weak inhibitors of Topoisomerase I.35

While NPC can be converted to SN-38 by human carboxylesterase, APC is not a substrate of

this enzyme.34,38 Although metabolites have been assessed for irinotecan, spatial

distribution of the drug and its metabolites in tumor tissues is still under study.39

By applying MALDI IMS in 3D cell culture systems, we are able to demonstrate a time-

dependent penetration of irinotecan in HCT 116 3D spheroids as well as simultaneous

mapping of the drug and three metabolites in sections of the tumor mimics. For validation of

IMS results, nLC-MS/MS was used to confirm drug metabolite identities. This approach is

more effective in screening the efficacy of drug candidates than 2D culture assays. It also

provides a less expensive and higher-throughput alternative for the testing of therapeutics

compared to animal models.

EXPERIMENTAL SECTION

Cell Culture and In Vitro 3D Tumor Spheroids Formation

The colon carcinoma cell line HCT 116 was purchased from the American Type Culture

Collection (ATCC, Manassas, VA) and maintained in McCoy’s 5A cell culture media (Life

Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Thermo

Scientific, Gaithersburg, MD) and 1% L-glutamine (Invitrogen, San Diego, CA). Cells were

grown in 5% CO2 at 37 °C and passed every five days. Cell lines were used within three

months after resuscitation of frozen aliquots thawed from liquid nitrogen. The provider

assured the authentication of these cell lines.

Spheroids were prepared in agarose-coated 96-well plates as previously described.14 Cells

were seeded into each well at the density of 7000 cells/well, gently agitated for 3 min,

incubated at 37 °C, and 50% of the culture media was changed every 48 h after 4 days in
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culture. The uniform and compact multicellular spheroids were used for follow-up studies.

Spheroids were analyzed in biological triplicate.

Drug Efficacy Assay in HCT 116 Spheroids

Irinotecan hydrochloride was purchased from Sigma (St. Louis, MO). A range of

concentrations (0.2, 0.8, 1.7, 2.7, 5.3, 8.5, 10.7, 21.3, 34.1, 42.6, 85.2, 170.4, and 511.1 µM)

of irinotecan were prepared by dissolving the drug in nanoPure water and diluted in

McCoy’s 5A media. Two hundred microliters of irinotecan solutions were then added to the

spheroids with a diameter around 950 µm (12–14 days in culture for 7000 cells/well initial

seeding density) by replacing the old media. Untreated control spheroids were cultured in

parallel as reference. After 72 h, cell viability and metabolic activity was measured using the

Cell Titer-Blue Viability assay (Promega, Madison, WI), which is based on the reduction of

a nonfluorescent dye resazurin to the red fluorescent product resorufin resulting from active

growth of cells. Five spheroids for each concentration of irinotecan were transferred to a

new 96-well plate containing 100 µL of media in each well, and 20 µL of dye was then

added. After one and a half hours of incubation, plates were read for fluorescence intensity

at 560 and 590 nm wavelengths for excitation and emission, respectively, using a plate

reader (Spectramax M5, Sunnyvale, CA). Viability of irinotecan-treated spheroids was

compared to untreated spheroids. Dose– response curves and half maximal inhibitory

concentration (IC50) values were calculated via Statistical Program for Social Sciences

(SPSS) software (IBM, Chicago, IL).

Spheroids Preparation for MALDI IMS Analysis

Irinotecan was dissolved in nanoPure water and added to McCoy’s 5A media at a final

concentration of the determined IC50 20.6 µM (Supporting Information Figure 1). The

spheroid diameter at the onset of treatment was the same as in the drug efficacy assay. A

schematic illustration of the model system is shown in Figure 1. Stock solution of irinotecan

was prepared in nanoPure water at 2 mg/mL. This solution was then diluted in McCoy’s 5A

media to achieve a final concentration of 20.6 µM. For visualization of drug penetration,

spheroids were treated with 20.6 µM of irinotecan for various lengths of time (2, 6, 12, 24,

48, and 72 h) whereas the same volume of media without the drug was added to the control

spheroids. After specific incubation times, the media was aspirated and the spheroids were

washed with 1× phosphate buttered saline (PBS) three times. The tumor spheroids were then

harvested and sectioned into 12 µm-thick slices by using the gelatin assisted sectioning

method as previously described. To avoid the delocalization of the drug and its metabolites,

the washing steps for the slices were skipped.

The MALDI matrix generates “background ions” that can interfere with analysis, especially

of small molecules.20,21 In this research, the matrix α-cyano-4-hydroxycinnamic acid

(CHCA, m/z 190.17) (Sigma-Aldrich, St. Louis, MO), shows the least background

interference with irinotecan. CHCA was dissolved in 50:50 HPLC-grade acetonitrile (ACN)/

water with 0.1% trifluoroacetic acid (TFA) (EMD, Billerica, MA) to yield a final

concentration of 10 mg/mL. An airbrush was used to apply the matrix to the sample, and the

application was monitored under an inverted microscope with 10× magnification.
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Extraction of Small Molecules for nLC-MS/MS Analysis

A 96-well plate of spheroids was prepared. Half of the spheroids were left untreated and the

remainder was incubated with media containing irinotecan at a concentration of 20.6 µM.

After 72 h, 10 treated and 10 untreated spheroids were washed with PBS three times and

harvested in separate microcentrifuge tubes. A protein precipitation method (PPE)39,40 was

used to extract small molecules from the spheroids. Briefly, 200 µL HPLC-grade methanol

(Honeywell Burdick & Jackson, Muskegon, MI) was added to the tubes containing the

spheroids and homogenized by sonication. After 20 min, samples were centrifuged at 14000

× g for 10 min at 4 °C and supernatants were decanted into new microcentrifuge tubes and

evaporated to dryness using a Speedvac. The samples were resuspended in 30 µL of HPLC-

grade water and 2 µL was injected directly into the nLC-MS/MS system for analysis.

MALDI IMS

An AutoFlex III (Bruker Daltonics, Billerica, MA) was operated in positive ion mode with

the reflector on and set to acquire a mass range of 380–700 m/z. The laser raster was set to

75 µm along both x-axis and y-axis and the attenuator was set at 68%. Each MALDI mass

spectrum for each voxel is the result from 200 consecutive laser shots at each spot. External

calibration was performed using a custom peptide mixture by adding a calibration spot on

one spheroid region on the section. The images were then processed with FlexAnalysis 3.0

and FlexImaging 2.1 (Bruker Daltonics, Billerica, MA) to generate a 2D ion density map

with semiquantitative information accompanied by a color scale exported from the

FlexImaging software.

For statistical analysis, image files were converted to mzXML format and preprocessed

using in-house written scripts for MATLAB (Mathworks, Natick, MA). This processing

consisted of baseline subtraction, alignment of peaks to specific m/z values on the spectra,

and reduction of noise. All spectra were normalized against total ion current, defined as the

sum of all intensities in the mass range analyzed (380–700 m/z), to reduce influences by, that

is, matrix hot spots.21

nLC-MS/MS Conditions

A nanoAcquity ultra performance LC system (Waters, Milford, MA) was used for

separation of the small molecules. Spheroid extracts were automatically loaded onto a

commercial C18 reversed-phase column (Waters, 100 µm × 100 mm, 1.7 µm particle size,

column temperature 40 °C) with 97% buffer A (0.1% formic acid in water) and 3% buffer B

(0.1% formic acid in ACN) for 10 min at a low rate of 1.2 µL/min, followed by gradient

separation in 40 min. Buffer B was increased from 3% to 60% in 15 min, 0.1 min to 85%

and maintained for 5 min. The column was equilibrated for 10 min with 3% buffer B before

the next injection. Each sample was injected multiple times providing three technical

replicates per sample. The eluted small molecules were analyzed by a Q-Exactive instrument

(Thermo Fisher Scientific, Waltham, MA). The Orbitrap mass analyzer was used to acquire

full MS scans over the range m/z 350–1800 with a mass resolution of 70000 (target value

1.00 × 106). The twelve most intense peaks were fragmented in the HCD collision cell with

normalized collision energy of 30%, and tandem mass spectra were acquired with a mass

resolution of 35 000 (target value 1.00 × 1006). The maximum allowed ion accumulation
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time was 250 ms for full MS scans and 120 ms for tandem mass spectra. Data were analyzed

by Xcalibur software (Thermo Fisher Scientific, Waltham, MA).

RESULTS AND DISCUSSION

Multicellular spheroids, which closely represent morphological and functional features of in

vivo tumor tissue, provide an excellent 3-dimensional model for distribution studies of drugs

and metabolites. For example, in mouse tumors and human breast cancer, doxorubicin has

been shown to accumulate around blood vessels, resulting in decreasing drug concentrations

in tumor cells that are distant from the micro-vessels.5,41,42 These results are consistent in

showing poor penetration of doxorubicin into spheroids.43–46 Radiolabeled

methotrexate47,48 and vincristine49 have also been shown to have limited penetration into

spheroids. Cells located in the spheroid periphery with direct access to the drug in culture

media are comparable to those tumor cells situated close to capillaries in vivo. In contrast,

the innermost cells in spheroids are representative of tumor cells distal from capillaries with

poor access to the drug.45,46 However, evaluation for therapeutics has been restricted for

these drugs incorporating endogenous or exogenous chemical labels before

measurements.47–50 Modifications to the native structure of drugs can have unpredicted

influences on the absorption, distribution, metabolism, and activity properties of the drug.2

As a powerful alternative method that does not require labeling the samples, MALDI IMS

has shown its ability in accurate characterization of endogenous proteins and lipids, as well

as drugs and small molecules within the tissue. In this study, we used this technique to map

the unlabeled drug irinotecan and its metabolites in 3D cell culture systems.

Time-Dependent Penetration of Irinotecan

In clinical use, irinotecan for injection must be diluted prior to infusion, using 5% dextrose

injection or 0.9% sodium chloride injection with the final concentration not exceeding 0.5

mg/mL (851.8 µM).51 In this study, the determined IC50 for irinotecan in HCT 116

spheroids is 20.6 µM, which is within the range of clinical dose of the drug. Spheroids

treated with this concentration of irinotecan maintained their structural integrity (Supporting

Information Figure 2), and could be harvested and sectioned.

Spheroids initiated from same seeding density of HCT 116 cells were treated with the drug

for different lengths of time. Spheroids were then harvested and sectioned. The thickness of

the section affects the mass spectrometry results. The overall number and intensity of peaks

increase with thinner sections.14 To achieve the maximum spectral signal while keeping the

integrity of section, we cut 12 µm thick sections. A total of 13 consecutive 12 µm slices in

60 µm vertical intervals were imaged for every spheroid. To avoid redundancy, the color

gradient intensity maps from every other slice (7 of the 13 imaged) in 120 µm vertical

intervals are shown in Figure 2.

Spheroids exhibit an inherent gradient of nutrients and oxygen, resulting in a necrotic core

surrounded by an inner layer of quiescent cells and an outer layer of proliferating cells.

(Figure 1a) Depending on their location, these cells have different access to the drug in

culture media. Therefore, relative quantification was performed to compare drug signal

intensities between different regions of dosed spheroids over time. After the spectra were
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processed and normalized as described before, three different regions, representing the core,

mid, and outer areas, respectively, were selected based on the optical image of each dosed

spheroid sections (Supporting Information Figure 3). Spectra from these regions of interest

were then extracted and the average intensities of the pixels for irinotecan were calculated

using MATLAB. Data from the central three sections of each single spheroid at each drug

treatment time point (slices on third, fourth, and fifth rows of Figure 2) were analyzed using

the method described above. Significant differences in the drug signal between different

regions were assessed using one-way analysis of variance (ANOVA) with SPSS software.

Differences were considered significant if p < 0.05 (Figure 3).

Irinotecan accumulation in the periphery and the center of spheroids increased with time. At

the initial time points of 2 and 6 h of treatment, irinotecan starts spreading into the spheroids

without entering the core. The drug is shown to be concentrated in the outer rim, compared

to the mid or inner areas (p values < 0.01 for both regions). An enhanced penetration of drug

into the central part of the spheroids is observed after 12 h of incubation. Irinotecan was

distributed across the entire structure of the tumor spheroids after 24 and 48 h of treatment,

with the central hypoxic and necrotic regions of the spheroids showing higher levels of drug

compared to the outer regions (p values < 0.05). The accumulation of irinotecan in the

hypoxic regions of spheroids indicates a less active metabolism of the parent drug by

nonproliferative or dead cells. In contrast, an increasing metabolism of irinotecan by highly

proliferating cells results in a lower level of the drug detected in the outer area of spheroid

sections.

Drugs penetrate tissues by both diffusion and concerted transportation.2 The

physicochemical properties of drugs (for example, size, shape, and solubility) determine the

rate of diffusion through tissue.2 The results show the presence of the drug molecule in all

regions of the spheroid structure after 12 h treatment, indicating that as a water-soluble drug,

irinotecan can efficiently diffuse between and through cells.

Identification of Irinotecan Metabolites by nLC-MS/MS

The identities of the irinotecan metabolites were examined by nLC-MS/MS. Ion

chromatograms and HCD MS/MS spectra were extracted for the small molecules isolated

from the drug-treated spheroids (Supporting Information Figure 4). Ten metabolites in total

were identified (Table 1).

Except for the parent drug, the decarboxylation metabolite 9 (m/z 543.295) has the most

intense peak compared to the other metabolites. The active metabolite SN-38 (m/z 393.143)

and its inactive form, SN-38G (m/z 569.174), have also been detected at a relatively high

abundance.

Three metabolites that correspond to the oxidation of irinotecan were detected. Metabolite 7

(m/z 603.281) results from the oxidation of the terminal piperidine,52 whereas the oxidation

of the camptothecin moiety results in metabolite 5 (m/z 603.280).52 APC (m/z 619.239) is

caused by a double oxidation of the terminal piperidine.35 Finally, the loss of this distal

piperidine ring structure results in the metabolite NPC (m/z 519.223).34,35 The metabolite 6

(m/z 585.270) is the dehydrogenation metabolite of Irinotecan, which has previously been
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reported.34,35,52 Among these metabolites, only APC and NPC have been evaluated for their

cytotoxic capacity and illustrated a weaker inhibition of cell growth in culture than SN-38

by binding to Topoisomerase I.52 The biological function of other metabolites remains

unknown.35,52

Two putative metabolites, M2 and M3, were detected. M2 corresponds to a loss of 28 mass

units from irinotecan, and its MS/MS spectra indicate that modification of the metabolite

most likely occurred on the lactone ring. Also, spectra from M3 show a similar pattern,

demonstrating a possible modification on the camptothecin skeleton. Other technology, like

NMR spectroscopy, can be used to further determine the structures of the metabolites. The

results of the MS/MS analyses are summarized in Figure 4.

Distribution of Irinotecan and Its Metabolites in 3D Spheroids

MALDI IMS provides sensitive image analysis of not only the parent drug, but also the

metabolites simultaneously. Once the metabolites of irinotecan were identified by nLC-

MS/MS analysis, we went back to study their distribution pattern in treated spheroids. Three

metabolites SN-38 (m/z 393, Figure 5c), SN-38 glucuronide (m/z 569, Figure 5e) and a

decarboxylation metabolite (m/z 543, Figure 5d) as well as the parent drug (m/z 587, Figure

5f) were detected in treated spheroids after 72 h of drug incubation. The merged image

(Figure 5g) illustrates a great abundance of irinotecan (red) distributed across the spheroid

section. Other metabolites appear to be more concentrated in the outer rim of the structure,

which suggests a higher metabolism of the drug in viable cells at proliferative and quiescent

zones of the 3D spheroids. The spectra (Figure 5a) demonstrate the most intense peak from

irinotecan with the metabolites at a lower relative abundance, which is in accordance with

the images from ion density maps. Also, the decarboxylation metabolite (m/z 543) shows a

relative high intensity compared to the other two metabolites detected, which is in consistent

with the nLC-MS/MS results. None of these peaks from the drug or metabolites were

detected in the untreated spheroid sections (Supporting Information Figure 5).

CONCLUSIONS

As a proof of principle study, we have applied MALDI IMS in 3D cell culture systems to

map the distribution of the clinically used therapeutic, irinotecan. The penetration of the

drug into colon spheroids increases as a function of time. Three metabolites of irinotecan

were also mapped. Identification of these and other metabolites was confirmed with an nLC-

MS/MS study. This combination of 3D tumor models analyzed by MALDI IMS technology

and nLC-MS/MS analysis could assist the use of the high throughput, uniform, and

heterogeneous spheroids for becoming a mainstream in vitro approach to screen and select

drugs in a format that more closely recapitulates conditions in patients. It is also applicable

to mapping drugs and metabolites in various diseases. This system will help to reduce

animal testing, yield more predictive data, and reduce cost and time to efficiently evaluate

new drug candidates, as well as identifying their known and potential metabolites. All of

these advantages would boost the speed of therapeutic development from lab to market.
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Figure 1.
Timetable for setting up spheroid-based drug evaluation. (a) Cartoon structure of the in vitro

tumor spheroid. (b) Schematic illustration of dosing procedures and diameter growth of

HCT 116 spheroids as a function of time. Photographs (n = 8) were acquired every day and

spheroid diameters were calculated using a hemocytometer scale bar. The interwell variation

in spheroid diameter was under 5%.
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Figure 2.
Time-dependent penetration of irinotecan (m/z 587) in HCT 116 spheroids analyzed by

MALDI-IMS. Spheroids were treated with 20.6 µM irinotecan for 2, 6, 12, 24, 48, and 72 h

(from left to right). For every treatment duration, color gradient intensity maps were

generated from 7 consecutive 12 µm slices from a single spheroid in 120 µm vertical

intervals.

Liu et al. Page 12

Anal Chem. Author manuscript; available in PMC 2014 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Relative quantification of irinotecan levels in three regions (core, mid, outer) of dosed

spheroids. Data was processed and normalized by using MATLAB. Spectra were extracted

from different regions of interest and irinotecan signal intensity was then averaged. Error

bars stands for the standard error for measurements of three sections from a single dosed

spheroid at each time point. *p < 0.05, **p < 0.01.
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Figure 4.
Metabolism scheme for irinotecan (unknown M2 and M3 not included). All of the species

depicted were detected by LC-MS/MS.
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Figure 5.
Distributions of irinotecan and three metabolites within a 12 µm section of an irinotecan-

treated (20.6 µM, 72h) HCT 116 spheroid obtained by MALDI-imaging. (a, b) Mass-to-

charge plot and optical image of the spheroid section. Spatial localizations of (c) SN-38 (m/z

393, blue), (d) decarboxylation metabolite (m/z 543, green), (e) SN-38G (m/z 569, purple),

and (f) irinotecan (m/z 587, red). (g) Merged image shows high relative abundance of

irinotecan.
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