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Abstract

A new and simple method was developed to evaluate the distribution of therapeutics in three-

dimensional multicellular tumor spheroids (MCTS) by combining serial trypsinization and 

nanoflow liquid chromatography-tandem mass spectrometry (nLC-MS/MS). This methodology 

was validated with quantitative measurements of irinotecan and its bioactive metabolite, SN-38, in 

distinct spatial regions of HCT 116 MCTS. Irinotecan showed a time-dependent permeability into 

MCTS with most of the drug accumulating in the core after 24 hours of treatment. The amount of 

SN-38 detected was 30 times lower than that of the parent drug, and was more abundant in the 

outer rim and intermediate regions of MCTS where proliferating cells were present. This method 

can be used to investigate novel and established drugs. It enables investigation of drug penetration 

properties and identification of metabolites with spatial specificity in MCTS. The new approach 

has great value in facilitating the drug evaluation process.
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Introduction

The invention, development and evaluation of a new drug is a slow, expensive and failure-

prone process. Over the past 15 years, while there has been an increase in the number of 

potential therapeutic agents under development, the number of molecules that successfully 

progress through clinical trials is low [1-2]. Lack of a quantitative understanding of drug 

uptake and diffusion within tissues is one of the many causes of drug failure [3-6]. The 

ability for a drug to cross biological barriers like the plasma membrane, cell adhesion 

molecules, and cellular efflux pumps is a key determinant of its absorption, distribution, 

metabolism and excretion (ADME) in the human body [5,7]. It is, therefore, critical to 
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improve preclinical in vitro cell-based testing approaches to sieve out poorly penetrating 

compounds and prioritize promising candidates.

To produce reliable biomedically relevant information from an in vitro assay for drug 

assessment, it is necessary that the cells used in the analysis mimic the phenotype of cells 

within the in vivo target tissue [8]. Two-dimensional (2D) cell culture (i.e. monolayer or 

suspension culture) is conventionally used with in vitro drug candidate testing, but it does 

not accurately resemble the complexity found in a three-dimensional (3D) multicellular 

environment [8-10]. The uptake and diffusion distance for a drug into monolayer cells is 

relatively short compared to in vivo tissues, and the biological barriers are not adequately 

mimicked [6, 9, 11, 12].

To bridge the gap between in vitro and in vivo therapeutic evaluations, Sutherland and 

coworkers first described in vitro multicellular tumor spheroids (MCTS) in 1971 [13]. The 

MCTS model is a 3D spheroidal cluster of cells that replicates heterogeneous, avascular 

tumor masses [10-13]. A MCTS consists of chemical diffusion gradients that result in 

distinct cellular microenvironments [3, 6]. For example, highly proliferative cells are located 

at the outer rim of the MCTS and quiescent or necrotic cells are located in the core region 

[8].

The current analytical methods to study the drug and drug metabolite distributions in MCTS 

tissue mimics are cumbersome and limited [5,6,9]. Microscopy techniques have been 

developed for quantitative measurements of drug concentrations in MCTS for therapeutics 

having sufficient color. Fluorescent compounds like doxorubicin [14-16] and mitoxantrone 

[17] can also be directly analyzed with fluorescence microscopy. The distribution of other 

radiolabeled drugs has also been characterized by autoradiography [18-20]. However, for 

molecules without fluorescence or radiolabels, detecting the drug and associated metabolites 

is challenging [5,6].

We previously established a matrix-assisted laser desorption/ionization (MALDI) imaging 

mass spectrometry (IMS) method to map the localization of drugs and their metabolites in 

MCTS [21]. This approach successfully enabled chemical analysis in a spatially defined 

manner, but quantification of specific analytes is difficult. Also, the sample preparation 

protocol for the imaging approach is relatively time-consuming, resulting in lower 

throughput for batch analysis. Serial trypsinization is an alternative and simpler 

experimental method that also allows cells from MCTS to be analyzed with spatial 

specificity [22]. In this procedure, a short trypsin treatment is used to sequentially remove 

cells from the outside of a spheroid in concentric radial layers, analogous to “peeling an 

onion”. In a previous study employing serial trypsinization, the isolated fractions of cells 

from surface layers, the intermediate region, and the necrotic core of MCTS were analyzed 

with quantitative iTRAQ chemistry to examine differences in the protein expression profiles 

in distinct spatial areas of MCTS [23]. We also previously employed serial trypsinization in 

combination with single cell capillary electrophoresis to study the metabolism of 

glycosphingolipids in different regions of MCTS [24].
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In this report, we applied serial trypsinization to map the distribution of exogenously applied 

compounds. We treated MCTS with an exogenous therapeutic and then analyzed the 

concentric cell layers by nLC-MS/MS to evaluate the molecular distribution. As an initial 

proof-of principle study, we first evaluated the ability of irinotecan (CPT-11, 7-ethyl-10- [4-

(1-piperidino)-1-piperidino]-carbonyloxy camptothecin, Figure 1a) to penetrate the MCTS, 

as we have previously mapped its distribution via imaging mass spectrometry. Irinotecan has 

been widely used for the treatment of colorectal cancer and other solid tumors for both first- 

and second line-therapy [25]. In humans, irinotecan is a prodrug that is hydrolyzed by 

carboxylesterases to form its highly active metabolite, SN-38 (7-Ethyl-10-

Hydroxycamptothecin, Figure 1b), which exerts its cytotoxic effects by inhibiting the 

activity of DNA topoisomerase Ι (Topo Ι) [26, 27]. We also evaluated the distribution of 

SN-38 in the MCTS via nLC-MS/MS. Camptothecin (CPT, (4S)-4-Ethyl-4-hydroxy-1H-

pyrano [3′,4′:6,7] indolizino [1,2-b]quinoline-3,14(4H,12H)-dionequinoline-3,14-(4H,12H)-

dione, Figure 1c), an analogue of irinotecan, was used as an internal standard. Several 

methods have been developed for simultaneous measurement of irinotecan and SN-38 in 

biological fluids [28-35], but a quantitative investigation of their in vitro spatial distribution 

in tumor mimics provides valuable insight into the ability of this drug to penetrate cell 

masses.

Methods

Cell Culture and Growth of the MCTS

The human colon carcinoma cell line HCT 116 was obtained from American Type Culture 

Collection (ATCC, Manassas, VA) and maintained in McCoy's 5A cell culture medium 

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

Scientific, Gaithersburg, MD) and 2.5 mM L-glutamine (Invitrogen, San Diego, CA). The 

cell line was used within three months of resuscitation of frozen aliquots thawed from liquid 

nitrogen. The provider assured authentication of the cell line by cytogenetic analysis. MCTS 

cell culture was carried out using agarose-coated 96-well plates by seeding 7000 cells into 

the middle of each well as previously described [21, 36]. Half the volume of the culture 

medium was changed every 48 h after 4 days in culture. The MCTS reached a diameter of 

∼1 mm after twelve days in culture.

Drug Treatment, MCTS Fractionation and Preparation for nLC-MS/MS Analysis

Irinotecan hydrochloride and camptothecin were purchased from Sigma (St. Louis, MO). 

Stock solutions of irinotecan and camptothecin were prepared in nanoPure water and 

dimethyl sulfoxide (DMSO) respectively at a concentration of 0.5 mg/ml. The irinotecan 

solution was further diluted in McCoy's 5A medium to achieve a final concentration of the 

previously determined IC50, 20.6 μM [21]. Two hundred microliters of this solution was 

then added to the 1 mm diameter MCTS by replacing the old medium. These MCTS were 

treated for various lengths of time (1, 2, 6, 12, 24, 48 and 72 h) and the same volume of 

medium without the drug was added to the control MCTS. After specific incubation times, 

20 MCTS were harvested and washed three times with ice-cold 1× phosphate buffered saline 

(PBS).
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Cells from these MCTS were separated layer by layer using serial trypsinization [22-24]. A 

solution of 0.05% trypsin/EDTA at room temperature was added, and the MCTS were 

gently rotated for 3 min on a rotary shaker at approximately 60 rpm. Chilled complete 

medium was then added to inhibit the trypsin. The cell suspension was carefully collected 

from the MCTS and medium without FBS was added to wash serum out of the dish to allow 

further trypsin proteolysis. By repeating the 3 min trypsinization, complete medium washing 

and serum-free medium washing steps repeatedly, cells from progressively deeper regions in 

the MCTS were harvested. The first three fractions were grouped as a single sample 

representing the outer rim of MCTS. Cells from the next four trypsin treatments were 

collected representing the intermediate region. The eighth fraction contained the remaining 

spheroid necrotic core, which was dissociated completely by pipetting. Cell suspensions 

from each of the populations were centrifuged at 2000g for 10 min and cell pellets were 

washed twice with PBS. The weights of the trypsinized cells from different regions of 

MCTS were measured on a balance. Small molecules were then extracted by adding 500 μL 

extraction solution (0.01 M HCl: methanol, 2:3, v/v) containing 200 nM camptothecin. After 

mixing by vortex, the cellular extracts were sonicated and centrifuged at 15000g for 15 min 

at 4 °C. The supernatants were transferred into clean microtubes and evaporated to dryness 

under vacuum using a Speedvac. The dried extracts were redissolved by vortexing in 100 μL 

of 20:80 (v/v) methanol: water solution containing 0.1% acetic acid and 2 μL was then 

injected directly into the nLC-MS/MS system for analysis. To analyze metabolites efflux, 20 

μL cell culture medium after incubation of MCTS with irinotecan were collected at different 

time points and small molecules were then extracted using the same sample pretreatment 

procedure described above. All treatment conditions were performed in biological triplicate. 

A schematic illustration for this approach is shown in Figure 2.

Calibration Curves and Method Validation

SN-38 was purchased from Selleck Chemicals (Selleck, Houston, TX). A standard stock 

solution (0.5 mg/ml) of SN-38 was dissolved in DMSO. Working solutions for both 

irinotecan and SN-38 were prepared by serial dilutions with an ice-cold 0.01 M HCL 

methanol mixture (2:3, v/v). All stock solutions were stored at - 80 °C under dark conditions 

to remain stable for more than a month [31]. For drug analysis in MCTS, calibration samples 

were prepared by spiking irinotecan or SN-38 standards and camptothecin into drug-free 

control MCTS extracts (500 μl). The mixture was subsequently evaporated to dryness and 

resuspended. The following concentrations were prepared in duplicate: irinotecan: 0.0025, 

0.025, 0.25, 2.5, and 5 μM; SN-38: 0.0025, 0.025, 0.05, 0.25, and 0.5 μM, with a final 

camptothecin concentration of 1 μM. Medium calibration standards were prepared in drug-

free medium extractions at final concentrations of 0.005, 0.025, 0.25, 1, 2.5, and 5 μM for 

irinotecan; 0.005, 0.025, 0.25, 0.5, 1, 2.5 μM for SN-38. The calibration curves were 

constructed by plotting the peak area of the analytes in the chromatogram over the 

camptothecin versus the concentrations spiked into the samples. The linearity was 

determined by calculation of a regression line using the method of least squares analysis.

Separate quality control (QC) samples were prepared independent of those used for 

preparing calibration curves at concentrations of: 0.0025, 0.25, and 5 μM for irinotecan in 

spheroids lysates, and 0.005, 0.25, and 5 μM in culture medium; 0.0025, 0.25, 0.5 μM for 
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SN-38 in spheroids lysates, and 0.005, 0.25, and 0.5 μM in culture medium. They were 

prepared using the same procedure as the drug treated samples. Accuracy was determined by 

analysis of the signals in the chromatogram from both irinotecan and SN-38 in five 

replicates on a single day and on three consecutive days, respectively, followed by a 

comparison with the calibration curves prepared on the same day and on different days.

The extraction efficiency from the MCTS cells or medium was determined by comparing the 

mean peak areas of extracted QC samples (n=3) for irinotecan or for SN-38 to mean peak 

areas of these drugs in non-extracted samples by spiking in the same amounts of irinotecan 

or SN-38 at the step immediately prior to nLC-MS/MS.

nLC-MS/MS Conditions

A nanoAcquity ultra performance LC system (100 μm × 100 mm C18 BEH column) 

(Waters, Milford, MA) was used for separation of the small molecules. Samples were eluted 

with a binary solvent system with 0.1% formic acid (A) and 0.1% formic acid in acetonitrile 

(B) using the following linear gradient separation: buffer B was increased from 3% to 60% 

in 15 min, washed with 85% B for 5 min and equilibrated for 10 min with 3% buffer B 

before the next injection. The eluted small molecules were analyzed using a Q-Exactive 

instrument (Thermo Fisher Scientific, Waltham, MA). Ionization Source parameters were 

set as follows: spray voltage, 1.8 kV; capillary temperature, 280 °C; and s-lens level, 50.0. 

Full MS scans were operated over the range m/z 330–800 with a mass resolution of 70000 

with automatic gain control (AGC) target of 1.00E+06. The twelve most intense peaks were 

fragmented in the HCD collision cell with normalized collision energy of 32%, and tandem 

mass spectra were acquired with a mass resolution of 17500 (AGC 1.00E+05). The 

maximum allowed ion transfer time (IT) was 200 ms for full MS scans and 80 ms for 

tandem mass spectra.

The targeted multiplex SIM scans for quantification were acquired with AGC target value of 

1.00E+05, resolution of 70000 and maximum IT of 100 ms and the targets included 

irinotecan (m/z 587.28751), SN-38 (m/z 393.14560) and camptothecin (m/z 349.11938). 

Each target was monitored with a 2-minute window (retention time ± 1 min), 1-amu 

isolation window (target m/z ± 0.5 amu). Samples were run with duplicate injections. The 

data were analyzed and quantified by Xcalibur software (Thermo Fisher Scientific, 

Waltham, MA).

Results and Discussion

Multicellular tumor spheroids (MCTS) have gained popularity as an effective in vitro 

platform for testing drug delivery and metabolism in a cellular microenvironment that more 

closely mimics conditions in humans [6, 12]. Some of these conditions include 

heterogeneous cell types, cell-cell and cellular-matrix interactions, tight junctions and 

chemical gradients. These physical characteristics limit drug penetration similar to solid 

tumors, tissues and organs in vivo [6, 37]. However, the lack of simple and standardized 

assay techniques for the evaluation of drug delivery and efficacy in the spheroid model 

system has hindered its adoption into the mainstream drug screening process. In this report, 
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we are presenting a flexible method combining serial trypsinization and nLC-MS/MS to 

achieve measurements of drug permeability and metabolism in MCTS.

MCTS fractionation using serial trypsinization

Serial trypsinization was developed as a reproducible method that would uniformly isolate 

subpopulations of cells from increasing radial depth within the MCTS [22]. By dissociating 

MCTS into concentric layers and then into single cells, the relationship between drug uptake 

and metabolism in a specific cellular microenvironment can be studied. Optical images of a 

single spheroid during seven sequential trypsin treatments are shown in Supplemental Figure 

1a. Cells were dissociated layer by layer without fracture of the remaining portion of the 

MCTS. The reproducibility of the approach was confirmed by measuring the weight of cells 

separated from outer surface layers, intermediate region and the core area from 20 MCTS in 

21 replicates (Supplemental Figure 1b). This procedure allows the investigation of 

differences in drug distribution between specific radial cellular locations in distinct spatial 

regions of MCTS.

Method development and validation

Specificity—UPLC conditions were optimized with irinotecan, SN-38 and camptothecin 

standards. Different gradients were tested to obtain better separation and peak shape. The 

retention times for irinotecan, SN-38 and camptothecin were approximately 17.46, 18.08, 

and 18.27 min respectively and full scan positive ion spectra for these compounds gave 

protonated species of m/z 587.29, m/z 393.14, and m/z 349.12, which match the calculated 

[M+H]+ molecular weights. By analyzing drug-free control spheroid lysates, or blank 

medium extracts, direct interference from endogenous peaks at or near the retention times of 

the analytes is minimal. Figure 3 shows typical chromatograms obtained from control 

MCTS, blank medium, irinotecan treated spheroids lysates, and drug containing medium, 

indicating sufficient separation amongst irinotecan, SN-38 and camptothecin.

Ion Suppression—The matrix effect was investigated by comparing the peak areas of 

samples prepared in MCTS extracts or medium with the peak areas of neat solutions at the 

same concentrations. A small decrease in signal was observed for all analytes, but because 

the reduction in signal for the camptothecin and the other analytes coincided, the observed 

ion suppression was corrected when concentrations were calculated. The signal decreased by 

less than 15% for standards prepared in MCTS extracts, and by less than 20% when samples 

were prepared in medium.

Linearity—Calibration curves were constructed for both irinotecan and SN-38 in either 

MCTS extracts or medium. The calculated peak area ratios of calibration standards to 

camptothecin were proportional to the concentration of the analytes over selected 

concentration ranges: 0.0025-5 μM in MCTS lysates, 0.005-5 μM in culture medium for 

irinotecan; 0.0025-0.5 μM in MCTS lysates and 0.005-2.5 μM in culture medium for SN-38 

(Supplemental Figure 2). The linearity of the assay was determined by generation of a 

regression line using least square analysis. As evident from the coefficients of ≥0.99 for all 

runs, calibration curves met acceptance criteria for both irinotecan and SN-38 at tested 

concentrations.
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Accuracy and Precision—QC samples for each analyte were prepared in five replicates 

at three different concentrations (low, medium, and high) by independently weighing 

separate amounts of the standards used to construct calibration curves. The Relative 

Standard Deviation (R.S.D.) ranges for irinotecan and SN-38 in MCTS extracts were from 

2.7% to 14.1% and from 7.9% to 12.5%, respectively. The accuracy ranged from 101.1% to 

108% and from 94% to 110.6% for irinotecan and SN-38. For samples in culture medium, 

R.S.D. for irinotecan and SN-38 ranged from 5.4% to 13%, and from 6.2% to 14.4%, 

respectively, and the accuracy ranges were from 86% to 97.8% and 90% to 105.4%. Both 

precision (R.S.D.≤ 15%) and accuracy (85-115%) were acceptable. The limit of 

quantification (LOQ) was defined as the lowest drug concentration that could be determined 

with acceptable precision (R.S.D. ≤ 20%) and accuracy (80-120%). The LOQ values were 

2.5 nM for irinotecan and SN-38 in MCTS lysates; and 5 nM in culture medium. The 

accuracy and precision data is shown in Table 1. Supplemental Figure 3 shows the recovery 

of the camptothecin at the concentration used in the method (1 μM).

Extraction Efficiency—A protein precipitation method was used as the extraction 

procedure. The selection of appropriate solvents is a critical factor in this extraction 

approach. The extraction solvent needs to be miscible with water, stable during the 

extraction and have high solubility for the target analytes. Different combinations of organic 

solvents and their mixtures with various polarities (acetonitrile, methanol, diethyl ether) 

were tested for extraction of irinotecan and SN-38 from the MCTS. A solution of 0.01 M 

HCl:methanol (2:3, v/v) was selected because it provided adequate specificity, sensitivity 

and extracted the analytes in a lactone form, which is the cytotoxic form for both the 

prodrug and metabolite. The average extraction recoveries for irinotecan with this approach 

were 80.4%, 90.5% and 111% at low, medium and high concentrations in MCTS extracts, 

and 89%, 109.4% and 94.5% in culture medium. The mean recoveries for SN-38 were 

82.4%, 90.3%, and 93.9% in MCTS extracts, and 111.6%, 95%, 105.2% in culture medium 

(Table 2).

Stability—A number of studies have been performed to determine the stability of 

irinotecan and SN-38 in methanol-based solutions and other matrices. The analytes have 

been shown to be stable after five freeze-thaw cycles. These compounds were also found to 

be stable up to one month at 4 °C and at least 8 weeks when stored at - 80 °C [31, 38]. 

However, the lactone forms of irinotecan and SN-38 were unstable during storage at room 

temperature or at 37 °C for more than 20 h [38-40]. Sample acidification overcomes this 

instability and allows determination of the analyte concentrations [31]. In this study, frozen 

QC samples either in MCTS extracts or medium stored at - 80 °C were tested over a 31 day 

period. Irinotecan and SN-38 showed no sign of degradation. Acidified QC samples in both 

matrices were allowed to stand at room temperature for 12 h and maintained the nominal 

starting concentration.

Analysis of irinotecan and SN-38 in MCTS and culture medium

The validated method was used to investigate the distribution of irinotecan and its active 

metabolite SN-38 in MCTS. MCTS were treated with 20.6 μM irinotecan for various lengths 
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of time and fractioned using the serial trypsinization protocol described above. The prodrug 

and metabolites were then extracted and analyzed with nLC-MS/MS.

Quantification of irinotecan in MCTS—Data were processed and peak area ratios of 

irinotecan compared to camptothecin were calculated by using Quan Browser of Xcalibur 

software. Based on the slope and intercept of the irinotecan calibration curve, the 

concentrations of irinotecan extracted from cells deriving from the outer rim, intermediate 

and core regions of MCTS were calculated. Exact amounts of the drug were then determined 

based on the total volume of each sample (100 μl). The weight of the cells was used to 

normalize and quantify the final concentration of the drug (μg/g cells) in spatially distinct 

regions of MCTS.

As shown in Supplemental Figure 4, the total amount of irinotecan accumulated in the 

MCTS increased with the drug incubation time. In the first 6 h of incubation, irinotecan 

accumulated primarily in the periphery region, followed by enhanced drug penetration into 

the central part of the MCTS within 24 h (Figure 4). After 24 h of treatment, irinotecan 

concentrations slightly decreased in the outer and intermediate regions while accumulating 

in the core area of the MCTS. We hypothesize that these changes could be due to irinotecan 

being cleared from cells via efflux transporters like P-glycoprotein (P-gp) [41-43], ABCG2/

BCRP [7], and multidrug resistance-associated protein (MRP) [44], which actively transport 

chemotherapy agents out of the cell, resulting in reduced concentration in MCTS. 

Metabolism is another factor that influences the parent drug amount in cells. For example, 

carboxylesterase activity for converting irinotecan into SN-38 in proliferating and live cells 

is higher than in low pH and hypoxic cells, which would result in a prodrug accumulation in 

the core of MCTS [45,46]. Moreover, under acidic conditions, the cytotoxic lactone form of 

irinotecan is favored, while at physiological or higher pH, its inactive carboxylate form is 

favored [29-31]. The lactone forms are passively transported in cells, resulting in an uptake 

ten times greater than the carboxylate forms [47]. Therefore, the gradient in MCTS with low 

pH in the necrotic core leads to the accumulation of irinotecan. Biotransformation of the 

drug into other metabolites like 7-ethyl-10- [4-N-(5-aminopentanoic acid)-1-

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

carbonyloxycamptothecin (NPC) also affects the compound amount being detected.

Quantification of SN-38 in MCTS—SN-38 was quantified with the same approach as 

irinotecan. Figure 5 illustrates the distribution of this active metabolite in MCTS. SN-38 

concentration was quantifiable after 12 h of treatment and the concentration increases 

substantially at 48 h and 72 h. The total amount of SN-38 decreased about 15% after 48h 

and it is about 30 times lower than the corresponding irinotecan level at 72 h (Supplemental 

Figure 4). Also, this metabolite is more abundant in outer and middle regions than in the 

core region. In spite of the lower conversion of SN-38 from the prodrug irinotecan in the 

necrotic core, efflux-based transport is another factor affecting its concentration and 

localization in MCTS.

In our previous studies using the MALDI IMS methodology, irinotecan was determined to 

have a time-dependent penetration pattern into MCTS. The pro-drug showed an 

accumulation in the peripheral regions of MCTS after the first 6 h, with increasing 
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permeability into the center and accumulating in the core area after 48 h [21]. Moreover, 

metabolites from irinotecan showed a higher abundance in the outer and intermediate 

regions of MCTS after irinotecan treatment. These MALDI imaging data are consistent with 

the LC-MS/MS results generated in the current study.

Quantification of irinotecan and SN-38 in culture medium—Concentrations of 

irinotecan and SN-38 were quantified in culture medium at different treatment time points. 

Shown in Figure 6b, concentration of irinotecan decreased about 9% during the 72 h 

treatment period due to accumulation of the drug in the MCTS. An increasing concentration 

of SN-38 in the culture medium was detected (Figure 6a), which indicates that irinotecan 

can be efficiently converted to its active metabolite SN-38 by MCTS viable cells and 

exported into medium. The efflux of the metabolite can be a reason for the limited detection 

of the metabolite in MCTS before 12 h and slightly decreased intracellular SN-38 

concentration at the 72 h time point.

In future studies, other key metabolites of irinotecan, like NPC and APC could be 

investigated. APC and NPC are metabolites of irinotecan produced from catabolism of the 

prodrug by cytochrome P 450 [27]. NPC and APC are weak inhibitors of DNA Topo Ι and 

NPC can be converted to the active metabolite SN-38 [26, 27]. Analysis of these metabolites 

will also have great significance for a better understanding of drug delivery and metabolism 

in the heterogeneous cells in MCTS.

Conclusions

By blending 3D cell cultures, serial trypsinization, and nLC-MS/MS, we are developing a 

novel methodology for accurate and simple evaluation of drug delivery and metabolism in 

vitro. This approach is quantitative and can be easily implemented for the spatial mapping of 

therapeutics, identifying and quantifying the novel metabolites as well as providing 

preclinical information about their permeability properties. In this study, we demonstrated 

the utility of the method with the well-established drug irinotecan and its metabolite, SN-38, 

however, the promise of the approach lies in the testing of novel therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of (a) irinotecan, (b) SN-38 and (c) the internal standard, camptothecin 

(CPT).
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Figure 2. 
Schematic illustration of the experimental design.
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Figure 3. 
Representative chromatograms obtained from (a) untreated MCTS extracts, (b) blank culture 

medium extracts, (c) extracted sample from core region of irinotecan (20.6 μM, 72h) treated 

MCTS, and (d) extracted sample from culture medium collected 72h after incubation of 

MCTS with irinotecan (20.6 μM).
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Figure 4. Irinotecan quantification in different regions of the MCTS. MCTS were treated with 
20.6 μM irinotecan for different length of time (1,2,6,12,24,48,72h). n=3 replicates per time point, 
*p<0.05, **p<0.01
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Figure 5. 
Quantification of the active metabolite SN-38 in different regions of the MCTS. n=3 

replicates per time point, *p<0.05
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Figure 6. 
Quantification of irinotecan and SN-38 in culture medium collected at different time points 

after incubation of MCTS with irinotecan (20.6 μM). n=3 replicates per time point.
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