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Abstract

Small cell lung cancer (SCLC) is aggressive and despite multiple clinical trials, its stan-

dard of care is unchanged for the past three decades. In vitro cancer models are cru-

cial in chemotherapy development, and three-dimensional (3D) models aim to bridge

the gap between two-dimensional (2D) flat cultures and in vivo testing. Functional

3D spheroids can better represent the in vivo situation and tumor characteristics

than 2D models. An NCI-H69V SCLC mini-tumor model was developed in a

clinostat-based rotating bioreactor system. Spheroid growth and viability were char-

acterized for 30 days, and the ideal experimental window with mature and metaboli-

cally stable spheroids was determined. Application of the model for anticancer

treatment screening was validated with the standard chemotherapeutic drug

irinotecan, for an exposure period of 72 h. The following parameters were measured:

soluble protein content, planar surface area measurements, intracellular adenosine

triphosphate and extracellular adenylate kinase levels, and glucose consumption. His-

tological morphology of the spheroids was observed. The established model proved

viable and stable, while treatment with irinotecan caused a decrease in cell growth,

viability, and glucose consumption demonstrating reactivity of the model to chemo-

therapy. Therefore, this NCI-H69V SCLC functional spheroid model could be used

for future anticancer compound screening.
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1 | INTRODUCTION

Lung cancer is still one of the most aggressive malignancies in the world,

with a high morbidity and mortality rate and 58% of cases occurring in

less developed countries.1–3 Lung cancer diagnoses are divided into small

cell lung cancer (SCLC) and other forms of lung cancer, collectively

known as non-small cell lung cancers (NSCLC).4 SCLC makes up

15%–20% of all lung cancer cases and has one of the highest case-

fatality rates, with deaths nearly as many as diagnoses.5–9 This cancer is

a well-defined, major histologic type of epithelial tumor that expresses

neuroendocrine cell differentiation.4,10,11 Clinical characteristics of SCLC

include a rapid doubling time and disease progression with early
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dissemination to metastatic sites.8–10,12 Although the 5-year survival rate

of extensive stage-SCLC patients improved from 4.9% in 1983 to 6.4%

in 2012, the median survival (time from diagnosis when half of the

patients are still alive) remained <10 months. This was despite more than

52 randomized stage three clinical trials conducted in the past three

decades.4,5,13–15 The standard treatment for SCLC involves both

chemotherapy and chest radiotherapy, with an initial good response of

70%–90% to this first-line treatment, but is followed by a recurrence of

the disease within 2 years that is often more resistant to first-line ther-

apy with a response rate of only 17%.6,8,9,12,16,17 The first-line chemo-

therapy regimen for SCLC, since the 1980's, is a combination of cisplatin

and etoposide that induces DNA damage leading to apoptosis.5,9,18

Improvement of the long-term survival of patients depends on the devel-

opment of new therapeutic regimens and approaches to overcome the

challenge of resistance to chemotherapeutic drugs.19

Irinotecan is a water-soluble derivative of camptothecin that is

hydrolyzed by the enzyme carboxylesterase (CE) to the highly active

metabolite, 7-ethyl-10-hydroxycamptothecin (SN-38).20–22 Irinotecan is

used for the treatment of colorectal cancer and other solid tumors and

is one of the most important drugs in the treatment of SCLC.9,16,23 The

most prevalent treatment-induced adverse effects of irinotecan are

myelosuppression (predominantly leukopenia) and acute or chronic

diarrhea, which has led to poor patient compliance.16,21 The mechanism

of action of irinotecan and its active metabolite entails the inhibition of

DNA topoisomerase 1 (Topo 1) activity that causes cell cycle arrest and

cell death.21,23 Irinotecan was found to be more active in SCLC tumors

compared to NSCLC malignancies, due to the higher levels of CE found

in SCLC (specifically also in the NCI-H69 cell line), and consequently

higher levels of intracellular conversion to the active metabolite.15,20

CE activity in SCLC was found to be comparable to colorectal and pan-

creas tumor CE activity, wherein irinotecan showed clinical efficacy.15

For second-line therapy, irinotecan treatment had similar results to that

of topotecan, also a camptothecin derivative, and is therefore included

in the standard treatment of recurrent SCLC.5,15,24 Irinotecan caused

more gastrointestinal side-effects in patients, while etoposide caused

more hematological side-effects, therefore irinotecan is recommended

as alternative treatment in the case of contraindications to etoposide.25

Clinical trials have proved to be a long and costly process with

oftentimes disappointing results, especially considering the high attrition

rates in cancer drug discovery.26–29 Moreover, the United States Envi-

ronmental Protection Agency announced 2035 as the deadline for the

elimination of animal models in research, starting with the phase out of

animal models from 2025 by limiting funding.30 This places the urgent

development of reliable and reproducible cell-based pre-clinical models

in a new light. The development of in vitro cancer models, that accu-

rately represent the tumor in question, can help to identify compounds

that lack efficacy and safety during the pre-clinical stage ensuring fur-

ther development of more promising therapies.26,31 Tumor-derived cell

lines have been used as the gold standard for cytotoxicity testing since

the 1950's owing to their simplicity, versatility, and reproducibility.32,33

However, three-dimensional (3D) cancer cell models have been found

to better represent in vivo solid tumors than two-dimensional

(2D) tumor-derived cell lines, as most tumors grow three-dimensionally

and consist of complex interactions between cells and their environ-

ment.31,34 The cell morphology, polarity, receptor expression, oncogene

expression, and overall architecture of 3D systems are reflective of

in vivo tumors.26,35 Multiple SCLC cell lines have been established from

tumors. The NCI-H69V cell line was established from the parent cell

line, NCI-H69, and while the parent cell line grows as floating-cell aggre-

gates, the NCI-H69V cells grow adherent to a substrate or surface.36

Key differences evident in the NCI-H69V adherent cell line, compared

to the parent cell line, is the low expression of the epithelial marker

gene, E-cadherin, and the strong expression of vimentin and other

epithelial-mesenchymal transition (EMT) inductors and effectors that

indicate the transition from epithelial parent cells into a mesenchymal

phenotype seen in NCI-H69V cells. The NCI-H69V cells also express

low levels of neuroendocrine markers, compared to NCI-H69.36,37 EMT

is associated with a higher potential for the migration and invasion of

tumor cells as well as the development of chemoresistance during treat-

ment; this was observed in the NCI-H69V cell line, but not the NCI-H69

parent cell line.36,38,39 The presence of this subpopulation of cells (NCI-

H69V) in SCLC tumors can be the reason why a good initial response to

chemotherapy is seen, followed by a relapse and poor prognosis.36

In this study, NCI-H69V cells were cultured as irrigated functional

spheroids. Spheroids form through the aggregation of cells into a spher-

ical geometry with a concentric arrangement of cell layers within the

spheroid.27 Usually this consists of a necrotic core, followed by a layer

of senescent cells and then the layer of proliferating cells, but it

depends on the method of culturing and the size of the spheroids.40

This layering, together with the formation of nutrient and waste gradi-

ents due to diffusion limits in bigger spheroids, affects the distribution,

activation and metabolism of drug compounds in spheroids heteroge-

neously.41 Several methods exist for scaffold-free spheroid formation

and can be divided into static and dynamic culture systems.42 Dynamic

culture methods include the spinner flask, rotating system, and micro-

fluidic system.27 In this study, a dynamic clinostat-based rotating biore-

actor and BioArray Matrix (BAM) drive system were used for the

formation and maintenance of NCI-H69V mini-tumors.43–45 Bioreac-

tors use a slow rotation of the vessel to create a simulated microgravity

environment that keeps cells in suspension, while allowing aggregation

into spheroids.42 A controlled environment with the continuous flow of

culture media, homogeneous distribution of dissolved compounds and

gasses, efficient delivery of nutrients to cells and waste removal from

cells are provided by bioreactors.46,47 The objectives of this study were

to characterize the growth and viability of a new functional NCI-H69V

spheroid model, before validating its use as a cancer treatment screen-

ing tool by evaluating the reactivity of the spheroids when treated with

the standard chemotherapeutic drug, irinotecan.

2 | MATERIALS AND METHODS

2.1 | Materials

Materials and reagents used included phosphate buffered saline (PBS)

(Hyclone; Separations, Johannesburg, South Africa), Trypsin-Versene
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(EDTA) (Lonza; Whitehead Scientific [Pty] Ltd., Cape Town,

South Africa), Triton™ X-100 (Merck, Sigma-Aldrich, Johannesburg,

South Africa), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide (MTT) powder (Merck, Sigma-Aldrich) and L-ascorbic acid

(Merck, Sigma-Aldrich). Bioreactors were purchased from CelVivo®

ApS (Odense, Denmark). The Quick Start™ Bradford Protein assay

and 2 mg/ml bovine serum albumin (BSA) standard was purchased

from Bio-Rad (Lasec SA [Pty] Ltd., Midrand, South Africa). The lysis

buffer was donated by Celvivo® ApS (Odense, Denmark). The

CellTiter-Glo® luminescent cell viability assay was supplied by

Promega (Anatech Instruments [Pty] Ltd., Johannesburg, South Africa)

and the ATP disodium salt hydrate standard was purchased from

Merck, Sigma-Aldrich. The ToxiLight® BioAssay kit was purchased

from Lonza (Whitehead Scientific [Pty] Ltd.).

2.2 | Two-dimensional culturing of NCI-H69V cells

The NCI-H69V cells (purchased from the European Collection of Authen-

ticated Cell Cultures [ECACC], Cat# 91091803, Public Health England,

UK), was cultured using standard culturing conditions. The culture

medium, Roswell Park Memorial Institute (RPMI 1640) medium (Gibco,

Thermo Fisher Scientific, Johannesburg, South Africa) was supplemented

with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific), 1%

non-essential amino acids (NEAA) (Lonza; Whitehead Scientific [Pty] Ltd.),

1% penicillin/streptomycin (10,000 U of each/ml, Lonza; Whitehead Sci-

entific [Pty] Ltd.) and 2 mM L-glutamine (Lonza; Whitehead Scientific

[Pty] Ltd.). Cultures were incubated in a Forma Steri-Cycle CO2 Incubator

(Thermo Fisher Scientific; Marietta) at 37�C with 5% CO2 and 95%

humidified air, with the culture medium exchanged every second day.

Sub-culturing of the cells was initiated upon reaching 80%–90% conflu-

ence by trypsinization, using 0.25% Trypsin-Versene.

2.3 | Two-dimensional anticancer activity pre-
screening

For the MTT assay, 6000 cells per well were seeded in 96-well plates

and incubated at 37�C, 5% CO2 and 95% humidified air for 24 h to allow

adherence of the cells. Culture medium was replaced with 200 μl culture

medium containing irinotecan hydrochloride (Merck, Sigma-Aldrich) at

various concentrations (this was considered as 0 h). This treatment-

containing medium was replaced in 24 h intervals until the assay was

performed after a 96 h total exposure time. The following controls were

included: untreated controls (to indicate 100% viability), dimethyl sulfox-

ide (DMSO) blank control wells (cells treated with DMSO to eliminate

background interference) and dead cell control wells (cells treated with

Triton™ X-100 to indicate 97%–100% relative cell viability inhibition).

Irinotecan hydrochloride stock solution was prepared in DMSO

and stored at �20�C. Prior to each daily dosing, an aliquot of the

stock solution was thawed at room temperature (22�C) and diluted to

a concentration range of 1.5 � 10�7 M–9.5 � 10�7 M (150–950 nM)

using culture medium.

After 96 h exposure, medium was removed from all the wells and

the cells were washed twice with pre-warmed PBS. The dead cell con-

trol wells were treated with 200 μl of 0.2% Triton™ X-100 (dissolved

in PBS) for 15 min, and subsequently carefully washed twice with

PBS. Thereafter, 180 μl non-additive medium was added to all the

wells. The MTT stock solution of 5 mg/ml was administered at a vol-

ume of 20 μl to each well (excluding the DMSO blank control wells) to

achieve a final MTT concentration of 0.5 mg/ml.45,48,49 The plate was

covered and placed on a compact rocker for 5 min, followed by fur-

ther incubation at 37�C for 4 h. After incubation, the content of each

well was removed and 200 μl DMSO was added to each well to dis-

solve the formed crystals. The plate was shaken on a compact rocker

for a further 1 h. The amount of formed formazan crystals that accu-

mulated in each well, was quantified by measuring the absorbance at

560 nm, with a reference background wavelength of 630 nm using a

SpectraMax® plate reader (Paradigm® Multi-Mode Detection Plat-

form; Molecular Devices®; Separations, Gauteng, South Africa).

The measured absorbance values for each group were expressed

as relative percentage viability of the cells, relative to the untreated

control cells, using Equation (1),

%Cell viability¼ Δsample�Δblankð Þ
Δuntreated control�Δblankð Þ �100 ð1Þ

where Δ sample is the difference between the wavelength 560 nm

value and that of the background wavelength (630 nm), measured for

all the sample groups on the plate. Δ blank is the difference between

the wavelength 560 nm value and that of the background wavelength

of the DMSO control wells. Δ untreated control is the difference

between the wavelength 560 nm value and that of the background

wavelength measured for the untreated control group.

Thereafter, Equation (2) was used to determine the relative per-

centage cell viability inhibition (IC).

%IC¼100%�%cell viability ð2Þ

All MTT experiments were performed twice, with three replicates for

each experiment (six replicates for each concentration). SPSS statisti-

cal analysis software (IBM Analytics, Version 25), in conjunction with

the Probit Analysis Method, were used to calculate IC25, IC50, and

IC75 values with 95% confidence limit ranges for irinotecan hydro-

chloride, using the data from the MTT analyses.

The IC25 and IC50 values, recounted to μg irinotecan hydrochlo-

ride, were then divided by the measured soluble protein content (μg)

of the 6000 cells seeded per well for the MTT experiments. This was

done to obtain the μg drug per μg of soluble protein for the calculated

IC25 and IC50 values of the treatment.

2.4 | Preparation of rotating bioreactors

Bioreactors were prepared 24 h before adding the cell suspension.

The humidity chambers were filled with sterile distilled water. The cell

3 of 15 van der MERWE ET AL.
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chambers were rinsed with sterile distilled water and then filled with

5 ml non-additive culture medium. The bioreactors were placed onto

the drive-unit of the BAM system (BAM v 4.6; CelVivo® ApS) in an

ESCO Cell Culture CO2 incubator (Changi, Singapore) to rotate and

equilibrate overnight at a rotation speed of 15 rotations per minute

(rpm) at 37�C, 5% CO2 and 95% humidified air.45,50,51

2.5 | NCI-H69V spheroid formation and
maintenance

An NCI-H69V single cell suspension was prepared by trypsinization

and counted with a Scepter™ 2.0 handheld automated counter

(Millipore, MA). A 1 � 105 cells/ml suspension was prepared and

added to each prepared bioreactor with a total volume of 10 ml.

Culture medium used for initiation of spheroids was supplemented

with 25 μg/ml ascorbic acid. Ascorbic acid was added to the culture

medium to assist in better ECM production resulting in more struc-

turally sound spheroids, since it plays a role in in the folding and

deposition of collagen proteins, which impacts the extracellular

matrix (ECM).52 Bioreactors were rotated at 2.5 rpm for 72 h. Fol-

lowing this incubation period, the formed spheroids were trans-

ferred to a 6-well plate containing pre-warmed culture medium.

Spheroids were visually inspected for uniformity and perceived

density using a Nikon Eclipse TS100 inverted light microscope

(Nikon Instruments, Tokyo, Japan). Spheroids of similar sizes were

then selected and counted, before being placed in prepared biore-

actors with pre-warmed culture medium supplemented with 5 μg/ml

ascorbic acid for maintenance. The bioreactors were returned to

the drive units rotated initially at 8.0–8.5 rpm. Day 0 was defined

as the day the formed spheroids were transferred to the newly pre-

pared bioreactors. pH equilibrated culture medium, containing

5 μg/ml ascorbic acid, was exchanged every second day and the

rotation speed adjusted daily to keep the spheroids suspended in

the culture medium. Photomicrographs of the developing spheroids

were taken using the Nikon Eclipse TS100 inverted light micro-

scope and a DFK 72AUC02 USB 2.0 color industrial camera (The

Imaging Source, Bremen, Germany).

2.6 | Characterization of the NCI-H69V spheroid
model

The NCI-H69V spheroids had to be characterized to observe spher-

oid growth and cell viability, and to establish the optimal experi-

mental window. The parameters measured were intracellular

adenosine triphosphate (ATP), extracellular adenylate kinase (AK),

soluble protein, glucose content of spent media,51 as well as plani-

metric measurements of sampled spheroids. On day 0, 300 spher-

oids were transferred to each bioreactor, and two biological

experimental replicates (each consisting of two bioreactors) were

prepared for characterization. Sampling took place every second

day, alternating between the two bioreactors from each experimen-

tal replicate, for a period of 30 days. After sampling on day 8, the

content of each bioreactor was reduced to 130 spheroids per bio-

reactor to manage the spheroid density. Following splitting on day

8, there were subsequently three experimental replicates with each

consisting of two bioreactors. On day 18, the spheroid population

was reduced again to only 70 spheroids per bioreactor. It is impor-

tant to note that once established as individual spheroids, each

spheroid is considered an individual entity which develops and

adapts independent from the other spheroids. That is why both

biological repeats (replicate individual bioreactors per sample

group) and technical repeats (number of spheroids/samples)

are used.

Each assay consisted of three sampled groups (technical repli-

cates) from each experimental replicate. Therefore, from day 0 to

8 there were six sampled groups in total, and from day 10 to 30 there

were nine sampled groups in total. On day 0, sampling in triplicate

from each experimental replicate consisted of two spheroids each, for

the soluble protein and the intracellular ATP assay. From day 2 to

8 sampling in triplicate from each experimental replicate entailed one

spheroid for the soluble protein assay and two spheroids for the intra-

cellular ATP assay. From day 10 onwards, sampling in triplicate from

each experimental replicate consisted of one spheroid each for the

soluble protein and intracellular ATP assay. For the duration of the

characterization, 200 μl spent medium was sampled from every exper-

imental replicate for the extracellular AK assay and the remainder of

the spent medium was used for glucose content and pH measure-

ments. Glucose content of the spent media was measured in

duplicate.

2.6.1 | The Bradford soluble protein assay

The Bradford protein assay was used to measure the amount of sol-

uble protein in each spheroid.51 Seeing that it is nearly impossible

to count single cells in the spheroid construct in a non-invasive

manner, the measured soluble protein content also served as a way

of determining biomass. Spheroids were sampled into a clear

96-well plate and photomicrographs taken of the spheroids using

the Nikon Eclipse TS100 inverted light microscope and a DFK

72AUC02 USB 2.0 color industrial camera for planimetric measure-

ments. Spheroids were washed with PBS and then immersed in

150 μl PBS in each sample well. Lysis buffer (10 μl) was subse-

quently added and the spheroids in each well lysed thoroughly by

pipetting. Protein samples had to be diluted 1:2 on day 4, 1:3 on

day 6, 1:4 on day 8 and day 10, 1:5 on day 12, 1:6 on day 14 and

1:7 from day 16 to 30. PBS was then added to each well to a final

volume of 160 μl, followed by addition of the protein assay dye

reagent (40 μl) and vigorous mixing. The plate was centrifuged at

1218 �g for 2 min to remove all air bubbles. The absorbance was

measured with a Spectramax® Paradigm plate reader at 595 nm,

and the measured absorbance values were quantified relative to a

van der MERWE ET AL. 4 of 15
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BSA standard to determine the soluble protein content (μg) per

spheroid for each sampling day.

2.6.2 | Planimetry

The spheroid planar surface area was measured after images were

taken at 4� magnification, and ImageJ software was used to measure

the planar surface area (μm2) of each spheroid sampled for the soluble

protein and intracellular ATP assay.53 A calibration image was used to

set the scale for measurement and the “oval, elliptical” tool or the

“freehand” tool was used to encircle the spheroid shadowed area to

measure the planar surface area.

2.6.3 | Histological analysis

On days 14, 18, and 26, spheroids were sampled for histological anal-

ysis and fixated in 10% buffered formalin for 7 days. The spheroids

were dehydrated using a series of increasing percentage ethanol solu-

tions and thereafter paraffin-embedded. Sections of 5 μm thick were

cut and adhered to Thermo Scientific™ SuperFrost Plus™ Adhesion

slides. After deparaffinization and rehydration, slides were stained

with hematoxylin–eosin (HE) and alcian blue to examine spheroid

morphology.

2.6.4 | Intracellular adenosine triphosphate cell
viability assay

The ATP assay was performed directly after sampling to ensure

accurate viability measurements of the spheroids.51 An ATP stan-

dard concentration series was prepared and plated in duplicate

(2 � 100 μl) in black, clear bottom 96-well plates. Photomicro-

graphs were taken of the sampled spheroids for planimetric mea-

surements and all culture medium then removed. Following the

addition of 100 μl PBS to each sampled spheroid, 100 μl of

CellTiter-Glo® luminescent lysis buffer was added to all wells and

mixed vigorously to lyse the spheroids. The plate was covered and

incubated in the dark for 40 min. The plate was then centrifuged at

1218 �g for 2 min to remove all air bubbles. Luminescence was

measured with a Spectramax® Paradigm plate reader and all sam-

ples were quantified relative to the known ATP standard. Samples

were normalized relative to the soluble protein content per spher-

oid for each sampling day.

2.6.5 | Extracellular adenylate kinase cell death
assay

Collected spent culture medium from each experimental replicate was

centrifuged at 140 �g for 5 min, and 160 μl of the supernatant was

then transferred to new microcentrifuge tubes. The transferred

samples were centrifuged at 19,480 �g for 15 min, and 140 μl of the

supernatant transferred to new tubes. These samples were then flash

frozen with liquid nitrogen and stored at �80�C until the assay was

performed.

All samples were equilibrated to room temperature (22�C), and

each experimental replicate was plated in triplicate (20 μl per well) in

black, clear bottom 96-well plates. A known dead cell standard was

prepared by treating a known concentration of NCI-H69V cells with

Cyto-Tox Glo® digitonin lysis buffer (Promega). The cell concentration

in RPMI 1640 medium that was used was 3.78 � 105 cells/ml. The

dead cell standard was then diluted with heat-treated medium and

exposed to the same conditions as the samples. AK detection reagent

(100 μl) was added to all wells and mixed. The plate was covered and

placed on a compact rocker for 20 min, followed by centrifugation at

1218 �g for 2 min to remove air bubbles. Luminescence was mea-

sured with a Spectramax® Paradigm plate reader and all samples were

quantified relative to the known dead cell standard to determine the

number of dead cells per ml of culture medium. This was multiplied by

10 in order to get the number of dead cells in total for each experi-

mental replicate of 10 ml, which was then normalized to the total sol-

uble protein content of each experimental replicate for each

sampling day.

2.6.6 | Approximate glucose consumption

The OneTouch® Select™ blood glucose monitoring system and

OneTouch® Select™ test strips were used to measure the glucose

content of spent medium from each experimental replicate. This indi-

cated the clearance of glucose from the medium.51 Spent medium

(3 μl) was loaded on the test strips and the glucose concentrations

(mmol/L) noted. The glucose concentration of fresh culture medium

was also measured and by deducting the remaining glucose content

from this value, an approximation of the glucose consumption by the

spheroids in each experimental replicate could be estimated. This was

divided by the total soluble protein content of each experimental rep-

licate to get an approximation of the glucose consumption per pro-

tein (μg).

2.7 | Validation of the NCI-H69V spheroid model
for anticancer treatment screening

Validation of the NCI-H69V spheroid model for anticancer screen-

ing was done with the standard chemotherapeutic drug, irinotecan

hydrochloride. The setup and maintenance of the bioreactors were

the same as for characterization. During this experiment, each of

the treatment groups consisted of two bioreactors (biological repli-

cates). On day 14 of spheroid culture, all the spheroids were

removed from the bioreactors and pooled together in fresh, pre-

warmed culture medium. Subsequently, 90 spheroids were placed

in each bioreactor, which was then filled with pre-warmed culture

medium and returned to the drive unit where the speed was
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adjusted until day 16. Treatment with irinotecan hydrochloride

started on day 16 (seen as 0 h) and sampling took place following

0, 24, 48, and 72 h of exposure. All experimental procedures were

the same as described for characterization.

2.7.1 | Treatment dose calculations

The daily measured soluble protein content was used to determine the

total biomass in each bioreactor, and the treatment was then adjusted to

dose per protein (μg) for each bioreactor. The soluble protein content

(μg) per spheroid was multiplied by the number of spheroids in each bio-

reactor per day, to obtain the total protein (μg) per bioreactor, and the

dose of irinotecan hydrochloride was adapted accordingly. This ensured

that the spheroids were constantly exposed to a consistent amount of

irinotecan for the duration of the experiment.

After sampling for the soluble protein, intracellular ATP, and extracel-

lular AK assays, the bioreactors were filled with the prepared treatments

of the previous day. Once the soluble protein content for each bioreactor

was determined and the new dose per bioreactor calculated, the medium

of each bioreactor was exchanged with the new treatment-containing

culture medium. The treatment dosages were based on the IC25 and IC50

concentrations for irinotecan, as determined with the MTT assay. The

treatment groups and their dosages per protein were categorized as an

untreated control, irinotecan hydrochloride [IC25] = 8.89 � 10�3 μg

irinotecan hydrochloride/μg protein, and irinotecan hydrochloride

[IC50] = 2.06 � 10�2 μg irinotecan hydrochloride/μg protein.

2.7.2 | Statistical data analysis

Data analysis was performed with Statistica v.13.3 software (TIBCO

Software Inc., 2018, http://statistica.io.). The technical replicates

values from two or three different bioreactors were combined, there-

fore, a minimum of six spheroids (n = 6) were analyzed in each assay.

One-way ANOVA, followed by the Dunnett post hoc test for compar-

ison of multiple groups with a control group (day 0 for all, except for

glucose consumption where it was compared to day 2) was used for

analysis of the characterization data. One-way ANOVA followed by

the Tukey post hoc test for comparison of multiple groups was used

for analysis of the spheroid model validation data. Differences were

considered statistically significant when p < 0.05.

3 | RESULTS

A novel 3D NCI-H69V SCLC mini-tumor model was established and

characterized in terms of growth and viability by measuring the intra-

cellular ATP content, extracellular AK release, glucose consumption,

soluble protein content, and planar surface area of the spheroids. To

validate the model for use in anticancer treatment efficacy screening,

the standard chemotherapeutic drug, irinotecan hydrochloride,

was used as a model drug in order to establish the reactivity of the

spheroids towards treatment.

3.1 | Two-dimensional anticancer activity pre-
screening

The MTT assay was employed as a quick and easy screening tool to pro-

vide a general indication of the anticancer activity of irinotecan hydro-

chloride in 2D cultures of the NCI-H69V cell line. The cells were treated

with increasing concentrations of irinotecan hydrochloride for 96 h, and

the viability of the cells assessed after the exposure time. The data,

expressed as a relative percentage viability inhibition at corresponding

doses, were analyzed with the Probit regression analysis tool to calcu-

late the 25% and 50% inhibitory concentration (IC25 and IC50, respec-

tively) per protein content for the NCI-H69V cell line, relative to an

untreated control, with 95% confidence limits (given in Table 1).54

3.2 | Characterization of the NCI-H69V spheroid
model

The NCI-H69V spheroids were formed from a single cell suspension in

culture media containing 25 μg/ml ascorbic acid, and left to rotate in the

bioreactors at a low rotation speed for 72 h. A high yield of dense spher-

oids was produced, sorted according to size (Figure 1a) and further

maintained in bioreactors. The growth and viability of the spheroids were

assessed to clarify how the spheroids mature, when the spheroid density

in the bioreactors should be decreased and when the spheroids were not

viable anymore. On day 8, the spheroid population was reduced in each

bioreactor to increase the availability of nutrients to the cells. Because size

variation could still be observed in the first week of spheroid maintenance

(Figure 1b), spheroids of similar size were chosen on day 8 for further

maintenance. The spheroid population was decreased again on day

18 and size variation was less visible at this point (Figure 1c). From day

22 onwards, in addition to the mature spheroids (Figure 1d), the formation

of “daughter” spheroids could be observed in all bioreactors (Figure 1f).

Upon removal of the spent media from each bioreactor on day 24 to day

30, it was centrifuged and the cell pellet resuspended to evaluate the via-

bility of the non-spheroid cells via trypan blue staining. Approximately

66% of the cells found in the media were cells with compromised cell

membranes. The spheroid cultures were terminated on day 30.

3.2.1 | Soluble protein content

On day 0, 300 spheroids were placed in each bioreactor and the soluble

protein content measured every second day. The protein content per

spheroid increased consistently until day 6, followed by a decrease in

TABLE 1 The inhibitory concentrations of irinotecan
hydrochloride, relative to an untreated control, in NCI-H69V cells as
determined with Probit analysis

Concentration (nM) 95% confidence limits (nM)

IC25 248.2 178.1–306.1

IC50 573.97 506.8–643.7
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protein content on day 8 (Figure 2a). After sampling on day 8, the pop-

ulation of spheroids in each bioreactor was reduced to 130 spheroids.

This led to a substantial increase in soluble protein content per spheroid

from days 10 to 14, probably due to a greater availability of nutrients

per cell. This was followed by some stabilization in protein content per

spheroid from days 14 to 18. After sampling on day 18, the spheroid

population was reduced to only 70 spheroids per bioreactor. This

resulted in the second, although less pronounced, increase in soluble

protein content from day 20 to day 26. From day 28, a reduction in

protein content per spheroid was observed.

3.2.2 | Planimetry

The planar surface area (μm2) was measured of each spheroid, sampled

for the protein and ATP assays and was used as a tool to determine the

size of the growing spheroids. A steady increase in surface area was

seen from days 0 to 6, with the surface area then staying constant until

day 8 (Figure 2b). After reducing the spheroid population in the biore-

actors on day 8, there was a steady increase in the size/surface area of

the spheroids again until day 22. The spheroid size seemed to even out

from day 22 to 24, before increasing again from day 26 onward. Over-

all, the surface area of the spheroids increased almost linearly

(R2 = 0.9854) over the characterization period of 30 days.

3.2.3 | Histology

NCI-H69V spheroids were sampled on days 14, 18, and 26 for histo-

logical staining with HE to observe the morphology and organization

of cells in the spheroids. Alcian blue staining was performed to identify

the presence of mucin. On day 14, a definite lining of cells forming the

outer rim of the spheroids could be seen, followed by a layer of prolifer-

ating cells and no obvious necrosis in the core (Figure 3a,d). There was

also no mucin present in the spheroids (Figure 3a). The spheroids on day

18 presented with areas of what seems to be stroma in the periphery of

the spheroid, with a definite border of cells forming the outer rim

(Figure 3b,e). The presence of mucin, interwoven between the cells and

concentrated in the center of the spheroids and in the area with

“stroma” was indicated by the faint blue staining in Figure 3b. On day

26, the spheroids started to lose their shape. The outer rim of cells

appeared to “break” at certain points and the “stroma” filled areas were

bigger. The density of cells in the spheroids also appeared to be less than

what was seen on days 14 and 18 (Figure 3c,f). Mucin was clearly pre-

sent as indicated by the darker blue staining (Figure 3c), concentrated in

the center of the spheroids, with the periphery still containing a relatively

thick layer of proliferating cells. More necrotic areas could also be seen.

The cells in all the spheroids appeared round, oval, or spindle-shaped

with absent or inconspicuous nuclei, with what looks like nuclear molding

as well as ill-defined cell borders.

3.2.4 | Intracellular adenosine triphosphate content

From day 2 to day 4 there was a marked increase in ATP content per

protein as the spheroids adapted to the bioreactor environment and

recovered from handling on day 0 (Figure 2c). On day 6 there was a

decrease in ATP per protein, followed by a slight increase on day

8. After reducing the spheroid population on day 8, the ATP per pro-

tein content increased until day 14. After this, the ATP levels of the

F IGURE 1 Photomicrographs of NCI-H69V spheroids during characterization, taken on (a) day 0, (b) day 8, (c) day 18, (d) day 22, and (e) day
30. (f) Shows the formation of “daughter” spheroids from day 22 until day 30 of culture in the rotating bioreactors (scale bar = 200 μm)
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spheroids stabilized until day 20. The second peak in ATP observed

on day 22 could have been a result of the second reduction in the

spheroid population on day 18.

3.2.5 | Extracellular adenylate kinase content

The AK release (representative of dead cells) per protein decreased

from day 0 to day 2 and thereafter increased until a slight peak on day

8 (Figure 2d). After the spheroid population was reduced on day

8 there was again a slight decrease in AK per protein on day

10, followed by a steady increase until day 18. The second population

reduction on day 18 resulted in an increase in AK per protein from

day 18 to 22, possibly due to excessive handling of the spheroids. This

was followed by a decrease in AK per protein until day 26 and then a

sharp peak on day 28. Overall, the AK per protein content increased

almost linearly over the characterization period of 30 days.

3.2.6 | Approximate glucose consumption

Quantification of glucose disappearance from the culture medium can be

used as an indicator of metabolic activity, achieved by the estimation of

glucose consumption during spheroid growth. The glucose content of

F IGURE 2 Characterization of the NCI-H69V spheroid model as a function of time, in terms of (a) soluble protein content per spheroid (μg);
(b) measured planar surface area per spheroid (μm2); (c) intracellular adenosine triphosphate content per soluble protein (μM/μg); (d) extracellular
adenylate kinase release per μg protein; and (e) approximate glucose consumption (mmol/L) per μg protein (n = 6 for days 0–8 and n = 9 for days
10–30, error bars = SD; * = statistically significant, p < 0.05 [one-way ANOVA followed by the Dunnett post hoc test for comparison with day
0 for all, except glucose consumption compared to day 2])
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fresh culture medium supplied to the spheroids every second day was

13.7 mmol/L on average (n = 5). The glucose content in the spent media

of each bioreactor was subtracted from this, in order to estimate the

total consumption of glucose by the cells in the bioreactor. Glucose con-

sumption was normalized relative to the total protein content in each

bioreactor (number of spheroids � protein content per spheroid) to

establish the estimated glucose consumption per protein (Figure 2e). In

the first 4 days of culture in the bioreactors, glucose consumption

appeared stable, followed by a slight decrease on day 6 and then a sharp

peak on day 8. The reduction in spheroid population on day 8, resulted

in a steadier glucose consumption from days 10 until 18. Further reduc-

tion of the spheroid population on day 18 resulted in an increase in glu-

cose consumption per protein from day 20 to 24, with a significant

increase in glucose consumption from day 28 to day 30, compared to

day 2 (p < 0.05). From day 16 to day 30, the glucose content in the spent

media was below detection limits, meaning almost all the glucose from

the media has been consumed by the cells (data not shown).

3.3 | Validation of the NCI-H69V spheroid model
for anticancer treatment screening

To validate the use of the model for future anticancer treatment effi-

cacy screening, the standard chemotherapeutic drug, irinotecan

hydrochloride, was used as a model drug. The reactivity of the NCI-

H69V spheroid model to 72 h treatment with two different concen-

trations of irinotecan (IC25 and IC50, based on 2D pre-screening data)

was investigated to this end. All data was normalized to the untreated

control group. The spheroid initiation and maintenance used for char-

acterization was repeated for the validation experiment, and prepara-

tion of the treatment groups was done on day 14 of culture.

Treatment was initiated on day 16 of culture (0 h). For the model to

be useful in future anticancer research, it was expected that standard

chemotherapeutic drugs used to treat SCLC should have a negative

effect on the viability and proliferation of the NCI-H69V spheroids.

Sampled spheroids were observed at each time point (every 24 h),

and the damage caused by irinotecan hydrochloride on the NCI-H69V

spheroids was clearly observed (as shown in Figure 4a). While the

untreated control spheroids continued to grow after 48 and 72 h, the

spheroids exposed to the two concentrations of irinotecan had com-

promised spheroid structure and a noticeable increase in debris and

single cells in the bioreactors (Figure 4a).

3.3.1 | Planimetry

The planar surface area of all sampled spheroids was measured and

the average surface area per spheroid for each group is displayed in

Figure 4b. As expected, the control group spheroids showed an

increase in surface area at each time point. The spheroid group

F IGURE 3 Histological staining of NCI-H69V spheroids with hematoxylin–eosin (HE) and alcian blue on (a) day 14, (b) day 18, and (c) day 26.
NCI-H69V spheroids were stained with HE only, on (d) day 14, (e) day 18, and (f) day 26 (scale bar = 100 μm)

9 of 15 van der MERWE ET AL.

 15206033, 2022, 4, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btpr.3253 by R

oyal D
anish L

ibrary, W
iley O

nline L
ibrary on [23/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



exposed to irinotecan [IC25] had the same surface area after 24 h

exposure, but then there was a significant decrease in surface area

after 48 h exposure with a further decrease after 72 h exposure

(p < 0.05). The spheroid group exposed to irinotecan [IC50] showed a

decrease in surface area already after 24 h exposure, with a significant

reduction after 48 h exposure followed by a further decrease after

72 h exposure (p < 0.05). After 72 h exposure, both treatment group

spheroids had a comparable average surface area.

3.3.2 | Soluble protein content

Following exposure of the spheroids to irinotecan [IC25] and

irinotecan [IC50], the soluble protein content was measured

with the Bradford protein assay and the data normalized relative to

the untreated control group. After 24 h exposure, the protein

content of both treatment groups was already reduced relative

to the control group, with the group exposed to irinotecan [IC25]

having a slightly higher protein content than the group exposed

to irinotecan [IC50] (Figure 5a). The soluble protein content

decreased significantly after 48 h exposure to both treatment

concentrations (p < 0.05). The group exposed to irinotecan [IC25]

had a lower protein content than those exposed to irinotecan

[IC50]. The protein content of the spheroid group exposed to

irinotecan [IC25] remained relatively unchanged after 72 h exposure,

but the group exposed to irinotecan [IC50] showed a further

decrease in soluble protein content. The protein content after

48 and 72 h exposure to the treatment, for both treatment groups,

were significantly reduced relative to the untreated control group

(p < 0.05). It should be noted that the higher concentration treat-

ment (IC50) did not decrease the soluble protein content of the

spheroids significantly more, than the lower concentration of the

treatment (IC25).

3.3.3 | Intracellular adenosine triphosphate content

After 24 h exposure, the ATP per protein content of the group exposed

to the irinotecan [IC25] decreased slightly more than the irinotecan [IC50]

group, although both decreased relative to the untreated control group

(Figure 5b). The ATP per protein content of the irinotecan [IC50] group

stayed relatively constant for the remainder of the treatment. The

group exposed to irinotecan [IC25], however, had an increase in ATP per

protein to more than the untreated control group after 48 h exposure.

This was followed by a sharp decline after 72 h exposure to less than

half the ATP per protein of the control group. None of these changes,

however, were statistically significant compared to the untreated control

group at each time point.

F IGURE 4 (i) Photomicrographs of spheroids during 72 h treatment (time 0 – a, b, c; 24 h – d, e, f; 48 h – g, h, i; 72 h – j, k, l) with irinotecan
hydrochloride for the following treatment groups: untreated control (a, d, g, j) irinotecan IC25 (b, e, h, k) and irinotecan IC50 (c, f, i, l) (scale
bar = 200 μm). (a), (ii) The average surface area per spheroid from each treatment group at each time point is shown (error bars = SD; n = 6;
* = statistically significant, p < 0.05 [one-way ANOVA followed by the Tukey post hoc test for comparison with the untreated control at each
time point])
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3.3.4 | Extracellular adenylate kinase content

The extracellular AK release for each treatment group was measured

at each time point and expressed as AK per protein (μg), normalized

relative to the untreated control group. After 24 h exposure to both

concentrations of irinotecan, the treatment groups showed a slight

increase in AK release compared to the untreated control (Figure 5c).

After 48 h exposure there was a significant peak in AK release for

both treatment groups (p < 0.05), with the irinotecan [IC25] group hav-

ing a higher peak than the irinotecan [IC50] group. At the end of the

treatment period, the AK release for both treatment groups

decreased, but was still higher than the untreated control.

3.3.5 | Glucose consumption

The approximate glucose consumption of the spheroids in each treat-

ment group (mmol/L) was expressed as glucose consumption per μg

protein. The data were normalized relative to the glucose consump-

tion per μg protein of the untreated control group. The spheroids

exposed to irinotecan [IC25] consumed slightly more glucose after

24 and 48 h exposure compared to the untreated control group

(Figure 5d). The spheroids exposed to irinotecan [IC50] consumed

more glucose than both the irinotecan [IC25] and control groups after

24 h exposure. However, after 48 h exposure, this group consumed

less glucose than the other groups. Neither of the irinotecan treated

groups consumed any glucose after 72 h exposure (p < 0.05).

4 | DISCUSSION

4.1 | Two-dimensional anticancer activity pre-
screening

Irinotecan hydrochloride cytotoxicity on a non-cancerous porcine

embryonic kidney (LLC-PK1) cell line was previously investigated and

the IC50 concentration was established as 15,534 nM, compared to

the NCI-H69V cell line with an IC50 concentration of only 467 nM.55

This provided insight on the selectivity of irinotecan towards these

cancerous cells, as toxicity in the normal cells were observed only at

much higher concentrations. The IC50 concentration determined in

this study (573.97 nM – seen in Table 1) was comparable to that of

F IGURE 5 Validation of the NCI-H69V spheroid model with daily irinotecan treatments for 72 h, in terms of (a) normalized soluble protein
content (μg) per spheroid; (b) normalized intracellular adenosine triphosphate content per soluble protein (μM/μg); (c) normalized extracellular
adenylate kinase release per μg protein; and (d) normalized glucose consumption per μg protein. The untreated control group is shown in gray, the
irinotecan [IC25] group in blue and irinotecan [IC50] group in yellow. All data was normalized relative to the untreated control group (n = 6, error
bars = SD; * = statistically significant, p < 0.05 [one-way ANOVA followed by the Tukey post hoc test for comparison with the untreated
control])
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Rossouw,55 and falls within the range of 350–1500 nM for irinotecan

IC50 concentrations determined in various SCLC cell lines.20 The IC50

concentration was converted to an LD50 concentration of

2.06 � 10�2 μg irinotecan per μg protein (2.06 � 10�5 mg/mg pro-

tein) to facilitate comparison with dosages used in in vivo models and

clinical studies, and to determine the dosages needed to treat the

NCI-H69V spheroids. Dosages used in clinical trials are usually

expressed as either mg per body surface area (mg/m2) or as mg per

body weight (mg/kg). Recommended clinical dosages of irinotecan as

a single agent and in combination with carboplatin, is 100 and 50 mg/

m2, respectively.56–58 Assuming the average height of a patient is

1.75 m and average weight is 75 kg, these dosages would be

2.54 mg/kg (2.54 � 10�3 mg/mg) and 1.27 mg/kg (1.27 �
10�3 mg/mg), respectively. In comparison to the dose determined in

2D NCI-H69V cells, the dose for irinotecan as a single agent used in

clinical trials is about 100 times higher.

4.2 | Characterization of the NCI-H69V spheroid
model

The NCI-H69V model was maintained and characterized for 30 days

to evaluate the growth and viability of the spheroids. The significant

increase in protein content per spheroid from day 10 correlate with

the reduction in spheroid population on day 8, which in essence pro-

vided more space and nutrients for the cells to proliferate. The protein

content per spheroid stabilized thereafter, an indication that the

spheroids adapted to their environment in the bioreactor and the dou-

bling time of the cells most probably decreased.47 The presence of

debris and single cells as well as the formation of daughter spheroids

from day 22, however, complicates the determination of the total pro-

tein or total biomass in each bioreactor and results in greater varia-

tions in spheroid protein content. The planar surface area gives an

indication of the size of the spheroids and is used as a tool to relate

the protein content of spheroids to the size and to establish the corre-

lation between these parameters.50 The planar surface area of the

NCI-H69V spheroids continued to increase linearly, while the protein

content started to stabilize and plateau already at day 14. This could

be a result of a decrease in spheroid density or compactness as the

spheroids matured, as observed in Figure 3f where the 26-day-old

spheroids lost their compact shape, and the density visibly declined.

Histologically and cytologically, SCLC is characterized by scant cyto-

plasm, small nuclei with diffusely distributed and finely stippled chro-

matin, and absent or inconspicuous nucleoli.10 The cells are small,

round, ovoid, and spindle-shaped, and the in vivo tumors reach sizes

of between 0.5 and 9 cm. The presence of single cell apoptosis or

necrosis and intracytoplasmic mucin in the SCLC cells are also not

uncommon.59 Histological staining of the NCI-H69V spheroids

(Figure 3) showed similarity to the typical characteristics of SCLC

tumors, even the presence of mucin in the older spheroids, illustrating

the capacity of 3D spheroids to mimic their tissue of origin.

Intracellular ATP content is a widely accepted method to indi-

rectly determine the number of viable cells in both 2D and 3D

cultures.60,61 When the membrane integrity of cells is compromised,

the cell loses the ability to produce ATP, and ATPases deplete

remaining ATP in the cytoplasm.48,62 AK is the enzyme that catalyzes

the reaction necessary for ATP transfer from the mitochondria to local

cellular processes, and also plays a role in regulating metabolic equilib-

rium within cells.44,63 When cell membrane integrity is lost through

direct damage or following cell death, AK will be released into the cul-

ture medium and can, therefore, serve as a parameter for cell death.64

Due to the intertwined functions of these two parameters of cell via-

bility, the interplay between both cell growth and cell death need to

be considered when assessing cell viability. During characterization,

the measured ATP and AK were normalized per μg protein to account

for the growth of the spheroids. In the first 8 days, the spheroids were

adapting to the environment in the bioreactor with ATP per protein

peaking early on day 4, and AK increasing slowly until day 8. The mat-

uration point for the NCI-H69V spheroids were from day 14 onward,

as this was the point when ATP per protein and the protein content

of the spheroids started to stabilize. The AK per protein increased

steadily from day 14, but it was not significantly higher than day

0. Glucose consumption per protein also varied considerably until day

8, and stabilized from day 10. The active glucose consumption of the

cells in the spheroid, together with the presence of ATP inside the

cells indicated that the spheroids were viable and metabolically active,

even though the AK content in the extracellular media increased

slightly.

The formation of daughter spheroids from day 22 marked a

change in behavior of the spheroids, and seeing that both AK and ATP

content increased, it could be indicative of the initiation of

apoptosis.64–66 However, only viable cells would be able to form the

daughter spheroids. Taking this into consideration, it was decided that

although the NCI-H69V spheroid model was viable for 30 days, for

the purposes of this study, the model would not be used beyond day

22. The formation of additional biomass (daughter spheroids) was

uncontrollable and would affect reproducibility.

It was interesting that the AK per protein was significantly

increased from day 22, at the same time that ATP per protein peaked

for a second time, only to fall again on day 24. AK per protein contin-

ued to be significantly higher until day 30, with glucose consumption

and ATP per protein also being significantly higher from day 28.

Together with the loss of structural compactness, this suggested the

presence of increased apoptosis at this stage of culture.

The ideal experimental window for the NCI-H69V spheroids was

subsequently decided to be between days 14 and 22.

4.3 | Validation of the NCI-H69V spheroid model
for anticancer screening

Two concentrations (IC25 and IC50) of irinotecan were used to evalu-

ate the effect of the treatment on the growth and viability of the NCI-

H69V spheroids after daily treatment for 72 h. After 48 h exposure to

both concentrations of irinotecan, the growth of the spheroids was

significantly inhibited as indicated by the decrease in protein per
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spheroid, and the spheroids were also significantly smaller compared

to the untreated control group. Irinotecan [IC50] did not have a greater

effect on protein and spheroid size than irinotecan [IC25]. To evaluate

the cytotoxic effects on the NCI-H69V spheroids, the intracellular

ATP and extracellular AK levels were evaluated. The process of apo-

ptosis requires adequate intracellular ATP levels and if ATP depletion

occurs, the cells will still die, but under these circumstances, necrosis

will occur.65,66 Irinotecan [IC25] decreased ATP per protein after just

24 h, but this was followed with a peak in ATP per protein, possibly

due to the cells trying to recover. The simultaneous peak in AK release

per protein after 48 h exposure, however, suggested that apoptosis of

the cells took place as the ATP per protein markedly decreased after

72 h exposure. AK per protein decreased after 72 h exposure because

there were fewer viable cells remaining to release AK, although it was

still elevated relative to the untreated control. Irinotecan [IC50] also

caused a peak in AK per protein relative to the untreated control after

48 h exposure, but the effect on ATP per protein was much less

severe after 72 h compared to irinotecan [IC25]. After 72 h exposure,

both concentrations of irinotecan reduced the glucose consumption

of the spheroids to 0 mmol/L per μg protein.

Both concentrations of irinotecan that were used to treat the

NCI-H69V spheroids caused a decrease in cell viability, protein con-

tent, and spheroid growth. The appearance of cell debris in the biore-

actors were also evident after 48 h exposure, indicating possible cell

death. The efficacy of irinotecan's cytotoxic activity on NCI-H69V

spheroids have clearly been shown. It should be noted that the higher

concentration of irinotecan was not significantly more detrimental to

cell viability and growth than the lower concentration. Rossouw55

administered 467 nM irinotecan (IC50) daily to NCI-H69V 2D cells for

96 h, with the ATP per protein levels decreasing to half that of the

untreated control only after 96 h exposure. In this study, the ATP per

protein level decreased to half that of the untreated control in the

NCI-H69V spheroids after only 72 h exposure.

Irinotecan [IC50] has been previously found to accumulate in HCT

116 colon carcinoma spheroids, and were efficiently converted to its

active metabolite (SN-38) by the viable cells after a 72 h treatment

period.23 This conversion of the pro-drug to the active metabolite is

facilitated by the CE enzyme, which is found in high levels in SCLC

tumors.15 CE enzyme expression could be increased in the spheroids

relative to the 2D cultures, resulting in a more effective conversion of

irinotecan to its active metabolite within the spheroids. This would

result in lower concentrations irinotecan being needed in the 3D

model to obtain the same level of activity seen in 2D cultured cells.

5 | CONCLUSION

It can be concluded that the established functional NCI-H69V spher-

oid model is viable for at least 30 days, and can be used for experi-

ments from 14 days of culture in the bioreactor. Some morphological

characteristics of SCLC tumors was observed in the NCI-H69V spher-

oids following histological staining. The model is also highly reactive

to the standard chemotherapeutic drug, irinotecan hydrochloride, and

the results indicated that the model can be used for future screening

of compounds for anticancer efficacy. The results also suggested that

the conversion of irinotecan to its active metabolite (SN-38) was

potentially more efficient in the spheroid model, again showing higher

similarity to the in vivo tumors than their 2D counterparts. This could

be a result of increase expression of the CE enzyme, as a significant

correlation between CE activity and sensitivity to irinotecan treatment

has previously been shown.20 The NCI-H69V mini-tumor model can,

therefore, serve as a new platform for the screening of new treatment

compounds for SCLC.
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