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ABSTRACT

Tumor cells cultured as spheroids have been shown to be superior to tumor cells cultured in monolayers
as in vitro models of solid tumors because they exhibit features of the tumor microenvironment (TME)
such as cell-cell interactions, extracellular matrix and diffusional gradients. However, spheroids composed
solely of tumor cells, i.e. monoculture spheroids, still lack the non-tumor cell components that contribute
to additional in vivo TME complexity. This study, explored the development of triple co-culture spheroid
models incorporating tumor cells, tissue specific fibroblasts, and endothelial cells to mimic more of the
features of the in vivo TME. Using a modified liquid overlay technique, triple co-culture spheroids were
successfully generated for both drug resistant lung tumor cells as well as drug resistant ovarian tumor
cells. The triple co-culture models exhibited several characteristics of in vivo tumors, including extracellular
matrix (ECM) production and distinct spatial locations of cell types. Notably, fibroblasts remained in the
core as the spheroid grew, while endothelial cells were found in the core only in the presence of
fibroblasts. A liposomal formulation previously shown in monolayer cultures to have selective toxicity
toward multiple drug resistant tumor cell types was significantly less toxic and showed
composition-dependent levels of toxicity in spheroid cultures with multiple cell types. These findings
demonstrate that triple co-culture spheroids can serve as in vitro models that more closely mimic in vivo

ARTICLE HISTORY
Received 19 February
2025

Revised 23 May 2025
Accepted 26 May 2025

KEYWORDS

Multicellular spheroid;
tumor microenvironment;
extra cellular matrix;
Spheroid flowcytometry;
Cellular migration

tumor characteristics to facilitate the optimization of antitumor therapies prior to in vivo testing.

HIGHLIGHTS

«  Development of spheroid models of human lung and ovarian carcinoma incorporating drug-resistant

tumor cells, tissue specific fibroblasts, and endothelial cells.

« Spheroids demonstrated key features of tumor biology, including avascular growth, extracellular
matrix production, and distinct spatial arrangement of cell types.
»  Spheroid response to potential antitumor liposomal preparation showed differences not apparent in

testing on monolayer cultures or monoculture spheroids.

Introduction

In vitro disease models are an important tool in the develop-
ment and testing of treatment approaches [1]. The current in
vitro testing approach for tumor therapies most commonly
relies on cell cultures of tumor cells grown in monolayers
[1-3]. These cell cultures lack many of the characteristics of
tumor physiology and are often not a sufficiently discriminat-
ing test of delivery strategies aimed at improving tumor
accumulation of anticancer agents [4,5]. There remains a
need for in vitro tumor models that more closely mimic the
tissue architecture and microenvironment of in vivo tumors
to enable more rigorous testing of tumor delivery strategies
before testing in in vivo models. In this context, spheroid cul-
ture has gained prominence as a potential improvement over
monolayer culture [6,7]. Spheroids result from the growth of
tumor cells in large aggregates with intracellular interactions
and structural elements that more closely resemble in vivo
tumors [8,9]. Spheroid culture also results in gradients of oxy-
gen, nutrients, and metabolites in the spheroid mass [9,10].

These gradients are an important aspect necessary for the
establishment of features such as hypoxic cores, differential
proliferation zones, and regions of necrosis that are hallmarks
of the microenvironment of in vivo solid tumors [9-11].
Since their introduction in the 1970s, spheroids have been
utilized to provide valuable insights into tumor biology, par-
ticularly in understanding cell-cell interactions, proliferation,
and responses to anticancer therapies [12-14]. However, the
majority of these studies utilized spheroids comprised of
tumor cells only [15-17]. In vivo tumors are not clusters of
tumor cells alone; they are dynamic and heterogeneous tis-
sues composed of various cell types, including fibroblasts,
endothelial cells and immune cells [18,19]. The non-tumor
cells play essential roles in tumor development, progression,
and stromal composition that affect the tumor response to
therapy [18-20]. For instance, Cancer-associated fibroblasts
(CAFs) are pivotal components of the tumor microenviron-
ment, playing a crucial role in cancer progression [21].
Typically quiescent, these fibroblasts become activated in
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response to signals from tumor cells and other elements
within the microenvironment [21,22]. Once activated, CAFs
secrete a wide array of signaling molecules, including growth
factors, cytokines, chemokines, and ECM components, which
collectively create a supportive niche for tumor development
and progression [21-25]. A key function of CAFs is the
remodeling of the extracellular matrix (ECM). By producing
and reorganizing ECM proteins like collagen, fibronectin, and
laminin, CAFs not only provide structural support to tumors
but also enhance cancer cell migration and invasion—a pro-
cess known as desmoplasia [26-29]. Endothelial cells, on the
other hand, are integral to angiogenesis, a process critical for
tumor vascularization and nutrient supply. Angiogenesis is
essential for tumor growth, as it delivers the necessary oxy-
gen and nutrients to sustain the expanding tumor mass [30].
Endothelial cells respond to pro-angiogenic signals such as
vascular endothelial growth factor (VEGF), which are secreted
by both tumor cells and CAFs [31,32]. Beyond forming new
blood vessels, endothelial cells can influence the behavior of
nearby tumor cells, enhancing their invasive potential and
facilitating metastasis to distant sites [33-35]. Endothelial
cells also contribute to forming a barrier that can affect the
infiltration and effectiveness of immune cells and therapeutic
agents within the tumor [36,37]. Finally, depending on their
type and activation state, the immune cells within the tumor
microenvironment can either suppress or promote tumor
progression [18]. Therefore, spheroids composed solely of
tumor cells cannot be expected to suitably mimic the com-
plex mechanisms of drug resistance, invasion, and metastasis
observed in vivo to serve as adequate representations of in
vivo tumors.

This study focused on the development of spheroids of
drug-resistant lung and ovarian carcinoma cells that include
fibroblasts and endothelial cells in order to create an in vitro
tumor model that is a better representation of the in vivo
tumor microenvironment (TME). The increased similarity to
the in vivo tumor environment should help to improve the
stringency of in vitro drug testing. To this end, a previously
characterized liposomal preparation that has shown
drug-resistant tumor cell-specific toxicity was used as a pre-
liminary test of the new model [38,39]. The low toxicity
observed in the spheroid models tested supports the hypoth-
esis that spheroids comprised of multiple sub populations of
cells will serve as a better test of potential in vivo effect than
monolayer cultures.

Materials

Doxorubicin-resistant human lung tumor cell line (H69/AR,
#CRL-11351) was purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Doxorubicin-resistant
human ovarian tumor cell line (A2780/ADR, #3112520) was
purchased from Sigma Aldrich (St. Louis, MO). Human Lung
Fibroblasts (HLF, #cAP-0033) and their green fluorescent pro-
tein expressing (#cAP-0033GFP) variant, Human Umbilical
Vein Endothelial Cells (HUVEC, #cAP-0001) and their red fluo-
rescent protein expressing variant (#cAP-0001RFP) were pur-
chased were purchased from Angio-Proteomie (Boston, MA).

Human Ovarian Fibroblasts (HOF, #7330) were purchased
form Science cell research laboratories (Carlsbad, CA).
Roswell-Park medium (RPMI 1640) used to culture tumor cell
lines, fibroblast growth medium required to culture fibroblast
cells, and endothelial growth medium required to culture
HUVECs were purchased from the companies from which the
cell lines were purchased. Fetal Bovine Serum (FBS), Phosphate
Buffered Saline (PBS) pH 7.4, and Hoechst dye were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
Trypsin-EDTA and Penicillin-Streptomycin solutions were pur-
chased from Corning (New York City, NY, USA). Paraplast-plus
embedding agent and standard cassettes for histology were
purchased from VWR (Radnor, PA, USA). Standard Tissue-Tek
cryo mold was purchased from Electron Microscopy Sciences
(Hatfield, PA, USA). Histological grade xylene and alcohol
were purchased from Fischer Scientific (Waltham, MA, USA).
Bovine Serum Albumin, glycine, and 0.1% Triton-X were pur-
chased from Boston Bio Products (Ashland, MA, USA).
Anti-Fibronectin antibody (#ab2413), Anti-Collagen | antibody
(#ab138492), Goat Anti-Rabbit 1gG H&L (#ab150115, Alexa
Fluor® 647), Goat Anti-Rabbit IgG H&L (#ab150077, Alexa
Fluor® 488), Antigen Retrieval Buffer (Tris-EDTA Buffer, pH 9.0),
Antigen retrieval Buffer (Citrate Buffer, pH 6.0) and Goat
Serum were purchased from Abcam (Waltham, MA, USA).
Adenosine 5'-triphosphate dipotassium salt hydrate was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Cell Titer-Glo®
3D Cell Viability Assay and Cell Titer 96° Aqueous One
Solution Cell Proliferation Assay reagent was purchased from
Promega (Madison, WI, USA, USA).

Methods
Cell culture

H69/AR and A2780/ADR were cultured using RPMI 1640
medium supplemented with 1% penicillin-streptomycin
(10000 U/mL) with 20 and 10% (FBS), respectively. HLF and
HOF were cultured using a fibroblast growth medium supple-
mented with 1% penicillin-streptomycin (10000U/mL) with
10% FBS. Additionally, 1% fibroblast growth serum was added
to the media used to culture HOF. HUVECs were cultured
using an endothelial growth medium supplemented with
10% FBS and 1% penicillin-streptomycin (10000 U/mL). Cells
were cultured using a standard protocol provided by the
manufacturer in T-75 flasks maintained at 37°C, 5% CO, envi-
ronment. The cells were passaged when a flask was 80% con-
fluent. Cells were discarded after 30 passages for tumor cell
lines, 10 passages for fibroblast, and 20 passages for endo-
thelial cells.

Spheroid production

Spheroids were produced using a liquid-overlay technique on
agar surfaces. Briefly, 1% agar solution in serum-free media
was coated in each well of a 96-well plate. Cell suspensions
of desired concentration were plated in each well and the
plates were centrifuged using a plate centrifuge (Thermo
Fischer Marathon 3000R) at 500xg. The number of cells



plated and the centrifugation time were optimized for each
cell line. Then the plates were placed in an incubator main-
taining a temperature at 37°C, 5% CO, environment.

Cell viability measurement

For monolayer cultures, cells were seeded in a 96-well plate
such that they would reach ~70% confluency the next day.
On reaching the desired confluency, STPP liposomes were
added at 80uM concentrations in 100 uL of media per well
and further incubated for 5 or 24h. After the incubation for
the required time, preparation along with the media were
removed and replaced with 100 L media containing CellTiter
96° Aqueous one solution cell proliferation assay reagent
equivalent to 10puL/well. The plate was further incubated for
1h followed by measurement of absorbance using a BioTek
Synergy HTX Multimode Reader (Agilent, Santa Clara,
CA, USA).

Individual spheroids (n=4) were harvested from the round
bottom wells and transferred in a microtube using a pipette.
The culture medium was carefully removed, spheroids were
washed with PBS (to remove any extracellular ATP and then
redispersed in complete media. The spheroid suspension was
then transferred into white-opaque 96-well plates (Thermo
Fischer Scientific, Waltham, MA, USA) and an appropriate vol-
ume of Cell Titer-Glo® 3D reagent was added into each well.
Plates were protected from light and gently shaken for 2min
at room temperature to induce spheroid lysis. Samples were
incubated for an additional 25min in the dark, at room tem-
perature, to stabilize the bioluminescent signal, which was
then recorded using a benchtop plate reader (BioTek,
Winooski, VT, USA). The ATP concentration in each sample
was quantified by using a calibration curve based on rATP
standards according to the manufacturer’s instructions.

Spheroid size measurement

At predetermined time points, brightfield microscopy images
of spheroids (n=10) were taken using a Keyence BZ-X800E
microscope (Keyence, Woburn, MA, USA). The manufacturer’s
analysis software for the BZ-X800E was used measure the
diameter of imaged spheroids.

Spheroid immunohistochemistry

At predetermined time points—day 6 for co-cultured lung
tumor spheroids and day 4 for co-cultured ovarian tumor
spheroids—the spheroids were carefully removed from the
96-well plates and fixed in 4% paraformaldehyde for 30 min.
Following fixation, the spheroids were washed three times
with 1X PBS and subsequently embedded in Histogel™. The
Histogel™-embedded spheroids were then transferred to tis-
sue cassettes for processing. This processing involved sequen-
tial dehydration in graded ethanol solutions and clearing
with xylene. To achieve paraffin infiltration, the tissue cas-
settes containing the Histogel™-embedded spheroids were
incubated in molten paraffin overnight. The final embedding
was performed by placing the Histogel™ in a mold, pouring
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additional paraffin over it, and allowing it to solidify on an
ice bath.

Fixed paraffin-embedded samples were sectioned in 5um
sections using a Leica SM2010R microtome, followed by dep-
araffinization in xylene and rehydration in sequentially
decreasing ethanol concentrations. Before staining, to retrieve
the antigens, sections were treated with either sodium citrate
buffer, pH 6, or Tris-EDTA Buffer, pH 9.0 at 96°C for 30 min.
Next, samples were washed three times by immersing sec-
tions in PBS-Tween20 (PBS-T), pH 7.4, under agitation (60 rpm)
for 5min. To permeabilize the samples, sections were
immersed in Triton-X (0.1% in PBS) at 60rpm for 10min and
then again washed 3 times with PBS-Tween20. Before adding
antibodies, samples were blocked with 4%BSA, 10% goat
serum, and 0.3M glycine solution. Primary human antibody
(Anti-Fibronectin ~ 1:200) or primary human antibody
(Anti-Collagen 1:250) were added to the samples and incu-
bated overnight, at 4°C. Samples were washed three times
and the secondary antibody (at 1:250 dilution) and counter-
stained with Hoechst dye (5uM) in PBST (v/v) were incubated,
in the dark, for 10min at room temperature. Finally, sections
were mounted with Aqua-Mount™ and imaged with a
Keyence BZ-X800E microscope (Keyence, Woburn, MA, USA).

Spheroid flow cytometry

The cellular composition of spheroids was analyzed using
flow cytometry. Once the spheroids reached a diameter of
500 micrometers, eight spheroids were collected per sample
in Eppendorf tubes. To achieve single-cell dissociation, 100
microliters of trypsin was added, followed by incubation at
37°C for 30min. The dissociated cells were then subjected to
flow cytometric analysis. Endothelial cells, which inherently
expressed red fluorescent protein, were detected in the red
fluorescence channel, while fibroblasts, which expressed
green fluorescent protein, were detected in the green fluo-
rescence channel. Tumor cells did not express any fluorescent
protein and were identified as nonfluorescent. A total of 5000
events were acquired per sample, and the proportions of red
fluorescent, green fluorescent, and nonfluorescent popula-
tions were quantified to determine the cellular composition
within the spheroids.

Whole spheroid analysis (n >200) was performed with a
COPAS Vision large particle flow cytometer (Union Biometrica,
Inc., Holliston, MA, USA). The flow cytometer was configured
with a 1000 um flow cell, capable of accommodating spher-
oids ranging from 15to 850 um in cross-sectional diameter.
Spheroids were transferred from 96-well plates into 50ml
conical tubes containing 1X PBS to facilitate aspiration into
the flow cell for analysis. The system utilized a 488 nm laser
for object detection within the flow cell and excitation of
GFP-labeled cells within spheroids, alongside a 561 nm laser
for excitation of RFP-labeled cells within spheroids. Real-time
imaging of spheroids within the flow cell was achieved
through a 450 nm brightfield light, a 5x objective lens, and a
Hamamatsu CMOS high-speed camera with a 1 usec exposure
time. Optical density (OD) and time of flight (TOF) were
determined via a light-loss detector aligned with the laser
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beam while fluorescence emission was captured orthogonally
to the laser path using appropriate bandpass filters for GFP
and RFP emissions. Fluorescence data are obtained as inte-
gral values, with more detailed analysis possible through the
Profiler™ feature, which records intensities of fluorescence
and OD signals along an object’s length to allow for the
identification of internal structures or patterns within
the object.

Liposome preparation

Liposomes with a total lipid concentration of 5mg/mL were
prepared using the thin film hydration method. Appropriate
volumes of chloroform stock solutions of egg PC, cholesterol,
and STPP were added to a 10ml round bottom flask. A thin
lipid film was obtained after chloroform’s evaporation with a
rotary evaporator’s help under vacuum at 37°C. The lipid film
was then hydrated with 2ml PBS pH 7.4 and was subjected
to sonication for two 10-min periods with a resting interval
of 1Tmin between the two sonication periods. Sonication was
carried out using a Model 100 Sonic Dismembrator (Fischer
Scientific, Waltham, MA, USA) with the round bottom flask
immersed in an ice water bath. The particle size and zeta
potential of the resulting liposomes were measured in a
90Plus Particle Size Analyzer (Brookhaven Instruments
Corporation, Holtsville, NY, USA).

Statistical analysis

Results are expressed as mean +standard deviation of at least
three independent experiments. All statistical analyses were
performed using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Statistical significance was analyzed either
with Student’s t-test or with a two-way analysis of variance
(ANOVA) and Tukey post-hoc test, with the level of signifi-
cance set at p<0.01.

Results
Spheroid production and characterization

Figure 1(A) shows the successful formation of spheroids by
H69/AR cells alone (monoculture) and when combined with
HLF (co-culture) or HLF and HUVEC (triple co-culture). Figure
1(B) shows that A2780/ADR cells alone (monoculture) were
unable to form spheroids but were able to form spheroids
when combined with HOF (co-culture) or with HOF and
HUVEC (triple co-culture). The spheroids shown were cultured
following initial optimization of the minimum seeding den-
sity and ratio of the constituent cell lines to initiate spheroid
formation within 24h. For lung tumor spheroids, a seeding
density of 5,000 total cells per well was sufficient across
monoculture, co-culture, and triple co-culture setups. The
optimal seeding cell ratio was 9:1 for H69/AR:HLF co-culture
spheroids and 8:1:1 for H69/AR:HLF:HUVEC triple co-culture
spheroids. The ovarian tumor spheroids required a slightly
higher seeding density of 6,000 cells per well. The optimal
seeding cell ratio was 26:3 A2780/ADR:HOF co-culture

spheroids and 26:3:2 for A2780/ADR:HOF:HUVEC triple
co-culture spheroids. All spheroids formed exhibited a spher-
ical morphology allowing for diametric measurements as an
indication of spheroid growth. Figure 1(C) shows the diamet-
ric measurements of H69/AR spheroids. The spheroids contin-
ued to increase in size over the observed period with
monoculture H69/AR spheroids reaching a diameter of
800um, co-culture spheroids reaching 600um, and triple
co-culture spheroids reaching 700um by day 10. Diametric
measurements of A2780/ADR co-culture and triple-co-culture
spheroids shown in Figure 1(D) also show that size increased
over time but the overall growth pattern was more sigmoidal
than the H69/AR spheroids.

ATP concentration was measured in spheroids to enable
comparison of metabolic activity between spheroid types. As
shown in Figure 1(E), H69/AR monoculture spheroids had sig-
nificantly higher ATP concentrations compared to co-culture
and triple co-culture spheroids on all days measured (p<0.01
two-way ANOVA and Tukey’s multiple comparison post hoc
test). The ATP concentration also increased significantly over
time for each type of H69/AR spheroid. Similarly, Figure 1(F)
shows that A2780/ADR co-culture spheroids exhibited signifi-
cantly higher ATP concentrations than triple co-culture spher-
oids across all time points (p<0.01, two-way ANOVA and
Tukey’s multiple comparison post hoc test). ATP concentra-
tions also increased significantly over time for all A2780/ADR
spheroids (p<0.01, two-way ANOVA and Tukey’s multiple
comparison post hoc test).

Immunohistochemistry was used to detect the presence
of the major ECM components fibronectin and collagen in
the spheroids. Figure 2(A,B) show representative epifluores-
cence micrographs of fibronectin and collagen staining.
Figure 2(A) shows that H69/AR monoculture spheroids had
little to no fibronectin, whereas co-culture spheroids showed
high levels of fibronectin staining. Similar fibronectin levels
were observed in A2780/ADR co-culture spheroids. Figure
2(B) shows that all spheroid types showed high levels of col-
lagen staining.

Epifluorescence microscopy was then used to verify the
presence of the different cell types in co-culture and triple
co-culture spheroids. To this end, GFP expressing HLF and
RFP expressing HUVEC variants were used to facilitate
detection. Figure 3(A) shows that H69/AR:HLF co-culture
spheroids had clear regions of green fluorescent staining
while Figure 3(B) shows red fluorescent regions in H69/
AR:HUVEC co-culture spheroids. As can be seen in Figure
3(C) H69/AR:HLF:HUVEC triple co-culture spheroids showed
distinct green and red fluorescence. Red fluorescence from
RFP expressing HUVECs was also seen in A2780/
ADR:HOF:HUVEC triple co-culture spheroids as shown in
Figure 3(D). The use of fluorescently labeled cell lines also
facilitated flow cytometry analysis of cell ratios in the
spheroids. Analysis of H69/AR:HLF co-culture and H69/
AR:HLF:HUVEC triple co-culture spheroids dissociated on
day 5 using trypsin and mild agitation indicated the H69/
AR:HLF ratio was approximately 65%:35%, and the H69/
AR:HLF:HUVEC ratio was approximately 60%:30%:10%. In
A2780/ADR:HOF:HUVEC triple coculture spheroids the non-
fluorescent to red fluorescent cell ratio was 90%:10%.
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Figure 1. Characterization of spheroid growth and metabolic activity. Representative brightfield micrographs of (A) H69/AR monoculture, H69/AR:HLF co-culture,
and H69/AR:HLF:HUVEC triple co-culture spheroids; (B) A2780/ADR monoculture, A2780/ADR:HOF co-culture and A2780/ADR:HOF:HUVEC triple co-culture spher-
oids. Scale bars represent 250 um. Diametric measurements of monoculture, co-culture, and triple co-culture (C) H69/AR spheroids and (D) A2780/ADR spheroids.
Data represented as mean+standard deviation (n=4). ATP concentration in monoculture, co-culture, and triple co-culture (E) H69/AR spheroids and (F) A2780/
ADR spheroids. Data represented as mean +standard deviation (n=10). Two-way ANOVA, followed by Tukey’s multiple comparison post hoc test. +p <0.01 vs. day
5 for lung tumor and day 3 for ovarian tumor spheroids within respective groups. $p<0.01 vs. day 7 for lung tumor and day 5 for ovarian tumor spheroids within

respective groups.

After initial optimization and analysis of the spheroids, the
characteristics of whole H69/AR co-culture and triple
co-culture spheroids were analyzed using a specialized large
particle flow cytometer. Figure 4(A) shows time of flight (TOF)
measurements of the spheroids. In this context, TOF rep-
resents the time the spheroid spends in the laser beam. A
large spheroid will exhibit a long TOF to traverse the laser
beam, while a small spheroid will have a shorter TOF across
the laser beam. The 5-day old co-culture spheroids exhibited
significantly higher TOF compared to 3-day old spheroids
(p<0.01, Student’s t-test). The TOF for 5-day old triple
co-culture spheroids was not significantly different than the
TOF for 5-day old co-culture spheroids. Figure 4(B) shows
optical density (OD) measurements that provide a measure of
the density of the spheroids. The 5-day old co-culture spher-
oids had a significantly higher OD compared to 3-day-old
co-culture spheroids (p<0.01, Student’s t-test). The OD values
for 5-day old triple co-culture spheroids were similar to 5-day
old co-culture spheroids.

The large particle flow cytometer also facilitates the simul-
taneous detection of OD and fluorescence emission signals
across the spheroid mass. The OD signal shows the overall
extent of the spheroid mass while the green fluorescent sig-
nal indicates the location of GFP expressing HLF cells and the
red fluorescent signal indicates the location of RFP express-
ing HUVEC cells. Figure 4(C) shows that in the 3-day old
co-culture spheroid, the green signal was distributed across
most of the OD signal, while in the 5-day old co-culture
spheroid, the green signal was more pronounced in the cen-
tral region. In the 5-day-old triple co-culture spheroid both
the green and red fluorescent signals remained pronounced
in the central region and differed from each other only in
magnitude.

The integral fluorescence to OD ratio is a quantitative
measure of fluorescence localization. A higher ratio indi-
cates an even distribution of fluorescent label throughout
the spheroid, whereas a lower ratio suggests that the flu-
orescent label is localized in a discrete region. Figure 4(D)
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Figure 2. Characterization of spheroid ECM. Representative epifluorescence micrographs of sectioned H69/AR monoculture, H69/AR:HLF co-culture and A278/
AD:HOF co-culture spheroids stained with Hoechst nuclear stain and immunostained to visualize (A) fibronectin and (B) collagen. Scale bars represent 100 pm.

shows that the integral green fluorescence to OD ratio
was significantly lower in 5-day old co-culture spheroids
compared to 3-day old co-culture spheroids (p<0.01,
Student’s t-test). Figure 4(D) also shows that the 5-day old
triple co-culture spheroids had a similar integral green flu-
orescence to OD ratio as the 5-day old co-culture spher-
oids and their integral red fluorescence to OD ratio was
significantly lower than their integral green fluorescence
to OD ratio (p<0.01, Student’s t-test).

Cytotoxic effect of STPP liposomes

The STPP liposomes (4mol% STPP in 5mg/mL total lipid)
used had a particle size of 112+ 1nm, a PDI of 0.29+0.01
and a zeta potential of =7+ 1mV. The cytotoxicity of STPP
liposomes was assessed using the CellTiter 96° Aqueous
one solution cell proliferation assay for monolayer cell cul-
tures and the CellTiter-Glo® 3D assay for spheroid cultures.
Figure 5(A) shows that treatment with STPP liposomes at a

concentration of 80uM resulted in complete cell death
within 24h in monolayer cultures of H69/AR, HLF, and
HUVEC cells. However, when the liposomes were tested on
spheroids, the results revealed a different toxicity profile.
Figure 5(B) shows that in H69/AR monoculture, co-culture,
and triple co-culture spheroids exposed to 80uM STPP
liposomes, cell viability remained around 80% after 24h
while at 48h, cell viability was significantly lower in mono-
culture spheroids than in co-culture or triple co-culture
spheroids (p<0.01, two-way ANOVA, Tukey’s multiple com-
parison post hoc test). Figure 5(C) shows that STPP lipo-
somes at an 80 uM concentration resulted in complete cell
death in A2780/ADR, HOF, and HUVEC monolayer cultures
within 24 h. Figure 5(D) shows that after exposure to 80 uM
STPP liposomes, A2780/ADR co-culture and triple co-culture
spheroids showed approximately 80% cell viability after
24 h while after 48 h, cell viability was significantly lower in
triple co-culture spheroids compared to co-culture spher-
oids (p<0.01, two-way ANOVA, Tukey’s multiple comparison
post hoc test).
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Figure 3. Characterization of spheroid cell composition. Representative epifluorescence micrographs of (A) H69/AR:HLF co-culture, (B) H69/AR:HUVEC co-culture,
(C) H69/AR:HLF:HUVEC triple co-culture (D) and A2780/ADR:HOF:HUVEC triple co-culture spheroids. Green and red channels show GFP expressing HLF and RFP
expressing HUVEC respectively. Scale bars represent 250um. Micrographs in panels A, C and D are at 1x magnification, those in panel B are at 3x

magnification.

Discussion

The development of more physiologically relevant and pre-
dictive in vitro models for cancer research remains a crucial
challenge, especially in drug testing and therapeutic develop-
ment [40,41]. While monolayer cultures are widely used, their
limitations in mimicking the intricate architecture and micro-
environment of in vivo tumors are well-documented [9,42,43].
These conventional models do not accurately represent the
three-dimensional interactions between cells and their extra-
cellular matrix (ECM), leading to significant discrepancies in
the assessment of drug efficacy and toxicity [44-49]. This gap
in modeling likely contributes to a low translational success
rate from preclinical studies to clinical applications. In this
context, spheroids have emerged as a potentially superior
alternative to monolayer cultures [45,50]. Since their intro-
duction in the 1970s, monoculture tumor spheroids—com-
posed solely of cancer cells have been used to provide
insights into cancer cell interactions, proliferation, and thera-
peutic responses [13,14]. However, tumors are not composed
of cancer cells alone but include other cell types like fibro-
blasts, endothelial cells, and immune cells that all play a role
in developing the tumor microenvironment (TME) [18,19,511.
Therefore, incorporating some of these cell types cells in
addition to tumor cells within the spheroid is a logical next
step in the development of spheroid models that more
closely mimic the in vivo TME. However, efforts to integrate
non-tumor cell types into these models have been relatively

limited. This limitation largely stems from the complex cul-
ture and characterization procedures required to maintain a
balanced interaction between multiple cell types. Not all
tumor cells readily form spheroids. For tumor cells that can
form spheroids, differences in growth rates, cell signaling,
and extracellular matrix interactions between tumor and
non-tumor cells can often present practical challenges.
Nevertheless, the ethical and financial burden of animal mod-
els, along with a stronger commitment to the 3Rs princi-
ples—Replacement, Reduction, and Refinement—have driven
a renewed interest in improving in vitro tumor models [52,53].

While multicellular spheroids of colorectal and pancreatic
ductal adenocarcinomas incorporating three cell types, have
been previously reported, the fibroblasts used in these were
often of lung origin, which might not accurately represent
the stromal interactions occurring in these tumors [54,55].
Therefore, the inclusion of tissue-specific fibroblasts was pri-
oritized for the spheroid models tested in this study. Drug
resistant lung and ovarian carcinomas were chosen as the
models for development. Lung cancer is the leading cause of
cancer-related mortality worldwide, characterized by a com-
plex TME predominantly composed of tumor cells and fibro-
blasts [56,57]. This intricate TME plays a critical role in driving
tumor progression and resistance to therapeutic interven-
tions [57]. Ovarian cancer, while less common, is associated
with late diagnosis and poor prognosis, largely due to a pro-
tective TME that supports tumor survival and metastasis
[56,58]. In addition, ovarian cancer exhibits a distinctive mode



8 S.SHAHETAL.

Figure 4. Characterization of spheroid architecture. Large particle flow cytometer measurements of (A) Time of flight (TOF) of 3 and 5day old H69/AR:HLF
co-culture and 5day old H69/AR:HLF:HUVEC triple co-culture spheroids; (B) Optical density (OD) of 3 and 5day old H69/AR:HLF co-culture and 5-day old H69/
AR:HLF:HUVEC triple co-culture spheroids. (C) Representative profiler plots of signal intensity across individual spheroids optical density (blue), green fluorescence
(green), and red fluorescence (red) for each plot for 3 and 5day old H69/AR:HLF co-culture and 5day old H69/AR:HLF:HUVEC triple co-culture spheroids. GFP and
RFP expressing variants of HLF and HUVEC respectively were used. For each plot, inset shows corresponding monochrome image of the spheroid analyzed.
(D) Integral fluorescence to OD signal ratios for green fluorescence (GFP:OD) in 3-and 5-day old H69/AR:HLF co-culture and 5-day H69/AR:HLF:HUVEC triple
co-culture; red fluorescence (RFP:OD) for 5-day old triple co-culture spheroids. Data are mean+standard deviation (n>200). Student t-test *p <0.01 vs. 3day H69/
AR:HLF, #p<0.01 vs. 5day H69/AR:HLF spheroid, $p <0.01 vs. 5day H69/AR:HLF:HUVEC spheroid.

of metastatic spread, wherein tumor cells are shed into the
peritoneal cavity and form spheroid-like aggregates within
ascetic fluid [59]. These aggregates remain viable in suspen-
sion, interact with stromal and immune cells, and subse-
quently adhere to distant mesothelial surfaces, leading to
widespread peritoneal colonization [60-62].  This
non-hematogenous dissemination pathway, together with a
permissive stromal niche, contributes to the rapid disease
progression and high relapse rates observed in ovarian can-
cer [62].

Three types of spheroids were developed for each tumor
type in this study: monoculture spheroids composed solely of
drug-resistant tumor cells, co-culture spheroids composed of
drug resistant-tumor cells and tissue specific fibroblasts, and
triple co-culture spheroids composed of drug-resistant tumor
cells, fibroblasts, and endothelial cells. While H69/AR cells
readily formed monoculture spheroids, A2780/ADR cells con-
sistently failed to form monoculture spheroids under identi-
cal conditions. However, when co-cultured with HOF, the
A2780/ADR cells easily formed spheroids (Figure 1). This find-
ing highlights fundamental biological differences between
the two cancer cell lines, potentially related to cell adhesion
properties, dependence on extracellular matrix (ECM) compo-
nents, or specific growth factor requirements. These elements

provide structural and biochemical support for cell aggrega-
tion, survival, and tumor progression in vivo and are absent
in vitro especially in monocultures. Further support for this
concept is provided by the patterns of fibronectin and colla-
gen staining seen Figure 2. Fibronectin, a critical ECM glyco-
protein, is known to regulate tumor cell adhesion, migration,
and survival by interacting with integrins and other cell sur-
face receptors [63,64]. This interaction plays a pivotal role in
enhancing the metastatic potential of tumor cells by facilitat-
ing dynamic changes in the TME [63-65]. Collagen serves as
a fundamental structural component of the ECM, contribut-
ing to the mechanical properties of tissues, such as stiffness,
which can act as both a scaffold for cells and a physical bar-
rier to therapeutic agents, potentially reducing drug penetra-
tion and efficacy [66]. Figure 2(A) shows that fibronectin
staining was much lower H69/AR monoculture spheroids
than in H69/AR co-culture spheroids. This suggests that fibro-
blasts play a crucial role in contributing to a more complex
tumor-like ECM in the spheroid. Fibronectin is known to pro-
mote cell adhesion and aggregation which are critical steps
in spheroid formation [67]. The high level of fibronectin stain-
ing observed in A2780/ADR co-culture spheroids also sug-
gests that fibroblast-driven ECM production might be the
critical factor to stimulate the development of A2780/ADR
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Figure 5. Characterization of STPP liposome toxicity. Measurement of cell viability after exposure for indicated times to STPP liposomes at a concentration of 80uM
in (A) H69/AR, HLF, and HUVEC monolayer cultures, (B) H69/AR monoculture, H69/AR:HLF co-culture and H69/AR:HLF:HUVEC triple co-culture spheroids,
(C) A2780/ADR, HOF, and HUVEC monolayer cultures, (D) A2780/ADR:HOF co-culture and A2780/ADR:HOF:HUVEC triple co-culture spheroids. Data are mean+standard
deviation (n=4). For monolayer cultures: Student’s t-test. *p<0.01 vs. corresponding groups at 5h. For spheroid cultures-two-way ANOVA, followed by Tukey’s multiple
comparison post hoc test. *p<0.01 vs. H69/AR spheroid, #p <0.01 vs. H69/AR:HLF or A2780/ADR:HOF within corresponding time intervals. +p<0.01 vs. 5h, $p<0.01

vs. 24h within respective groups for both lung and ovarian tumor spheroids.

spheroids. Collagen was present in both H69/AR monoculture
and co-culture spheroids as well as in A2780/ADR co-culture
spheroids (Figure 2(B)). These findings align with the
well-established role of collagen as an universal ECM compo-
nent that influences the biophysical properties of the tumor
microenvironment across different cancer types [66]. Collagen
is known to play a role in increasing tissue stiffness, which is
particularly relevant in the context of tumor progression. A
stiffer ECM can promote cancer cell invasiveness and may
also limit drug penetration, thereby contributing to therapeu-
tic resistance. Taken together these observations demonstrate
the role fibroblasts can play in providing essential biochemi-
cal support to facilitate spheroid formation and generation of
an ECM composition in vitro which more closely mimics that
of in vivo solid tumors. When human umbilical vein endothe-
lial cells (HUVECs) were introduced alongside tumor cells and
fibroblasts, triple co-culture spheroids were readily formed by
both H69/AR and A2780/ADR cells. Notably, A2780/ADR cells
co-cultured with HOF and HUVECs formed compact spher-
oids as early as day 1. In contrast, looser aggregates were
initially observed in the A2780/ADR:HOF co-culture and com-
pact spheroid formation then occurred gradually over time.
Endothelial cells are known to secrete ECM components and
growth factors that facilitate tighter cellular organization by
promoting adhesion and communication between tumor and
stromal cells [68-71]. The formation of compact spheroids in

the A2780/ADR-HOF-HUVEC triple co-culture suggests that
HUVECs can accelerate the development of a stable
three-dimensional structure, potentially by reinforcing the
structural framework of the spheroid through their interac-
tions with fibroblasts and tumor cells.

The next step in the study involved analyzing the growth
characteristics of the developed monoculture, co-culture, and
triple co-culture spheroids. The H69/AR monoculture spher-
oids exhibited a significantly larger diameter compared to
the co-culture and triple co-culture spheroids (Figure 1(C)).
This was consistent with their higher ATP concentrations
across all time points measured (Figure 1(E)). Interestingly,
the diameters and ATP concentrations of H69/AR co-culture
and triple co-culture spheroids were similar. In the case of
A2780/ADR co-culture and triple co-culture spheroids, initial
observations revealed loose aggregates that gradually com-
pacted over time. Although their diameters remained rela-
tively unchanged during early formation, the ATP
concentration increased significantly as the culture pro-
gressed, indicating an increase metabolic activity (Figure
1(D,F)). The increase in metabolic activity suggests that while
the initial spheroid structure may not have expanded sub-
stantially, there is continued cell proliferation within the
spheroid.

In order to confirm the presence of each cell type and
their distribution within the co-culture and triple co-culture
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spheroids it was essential to use cells that had been consti-
tutively labeled with a fluorescent marker. Cell lines geneti-
cally modified to express fluorescent protein are the most
convenient and reliable way of tracking multiple cell types in
mixed cultures. HLF and HUVEC variants expressing green flu-
orescent protein and red fluorescent protein respectively are
commercially available and when co-cultured with H69/AR
tumor cells can be easily identified by their fluorescence
emissions. Unfortunately, a suitable fluorescent protein
expressing variant of the HOF cell line was not commercially
available precluding a similar analysis of A2780/ADR co-culture
and triple co-culture spheroids. Epifluorescence micrographs
of H69/ARHLF co-culture and H69/AR:HUVEC co-culture
spheroids in Figure 3 show that both HLFs and HUVECs were
not homogenously distributed but had distinct location pref-
erences within the spheroid mass. Interestingly, the location
of HUVECs changed with the presence of fibroblasts in the
triple co-culture spheroid. Rather than being distributed
toward the periphery of the spheroid, the HUVECs in the tri-
ple co-culture spheroid appeared co-located with the HLFs in
the central region of the spheroid mass. In the A2780/
ADR:HOF:HUVEC triple co-culture with RFP expressing
HUVECs, the HUVEC fluorescence was localized in the central
region of the spheroid mass as well. Taken together these
qualitative data suggest that there are cell specific dynamic
interactions occurring in the co-culture and triple co-culture
spheroids that are likely similar to those in the in vivo TME.

Large-particle flow cytometry was utilized to further ana-
lyze the cellular composition and distribution within the
spheroids. This technique can analyze a large number of
spheroids and provide information on physical dimensions of
the spheroids as well as spatial distribution of cell popula-
tions within the spheroid structures. TOF and opacity mea-
surements shown in Figure 4(A,B), respectively confirmed
that both H69/AR co-culture and triple co-culture spheroids
increased in size and density over time, consistent with
microscopic analysis. Cellular localization within the spheroids
was assessed by capturing forward scatter to identify the
overall structure, green fluorescence to detect HLF cells, and
red fluorescence to detect HUVECs. Figure 4(C) shows that on
day 3, the green fluorescence signal corresponding to HLFs
was distributed across the co-culture spheroids, but by day 5,
a significant shift was observed, with the green fluorescence
becoming concentrated toward the center of the spheroids
as was previously seen by microscopy. This redistribution of
cells could be because H69/AR cells proliferated more rapidly
than HLFs and confined the HLFs within the center of the
spheroid. However, given that HLF and H69/AR cells exhib-
ited similar growth rates when cultured in flasks a more likely
explanation is that HLFs actively migrated toward the core of
the spheroid. As the spheroids increased in size, nutrient and
oxygen diffusion likely became limited, particularly in the
central regions, creating a hypoxic environment. Fibroblasts
are known to migrate toward hypoxic regions where they
engage in ECM remodeling and support tissue repair pro-
cesses [72-74]. The dynamic redistribution of HLFs shows
how the incorporation of stromal cells can enable spheroids
to more closely mimic tissue remodeling processes that are
known to occur during tumor progression in vivo.

In triple co-culture spheroids, the green fluorescence sig-
nal of HLFs, was concentrated in the center, similar to the
pattern observed on day 5 in the co-culture spheroids. As
previously observed by microscopy, the red fluorescence of
HUVECs was also concentrated in the central region of the
triple co-culture spheroids. Endothelial cells typically localize
in oxygen- and nutrient-rich regions in vivo, and would be
expected to be found at the periphery of the spheroids as
was observed by microscopy in H69/AR:HUVEC co-culture
spheroids. However, fibroblasts are known to produce ECM
components such as collagen and fibronectin, which remodel
the microenvironment and influence cellular interactions.
Moreover, fibroblasts secrete pro-angiogenic factors such as
VEGF, which may attract endothelial cells [75]. In this context,
the presence of HLFs sufficiently altered the ECM structure
resulting in the localization of HUVECs within the spheroid
core. In contrast, when HLFs were absent, the ECM was less
structured, and tumor-endothelial interactions were less
organized, leading to peripheral localization of HUVECs,
where oxygen and nutrient availability are higher [76].
Collectively, These findings indicate that fibroblasts play a
crucial role in modulating the behavior and spatial organiza-
tion of endothelial cells within tumor spheroids.

After characterization of the spheroids, their potential as a
more discriminating in vitro model was tested using a treat-
ment with a previously demonstrated effect. Liposomes mod-
ified with stearyl triphenyl phosphonium (STPP) have been
shown to have a higher toxicity in drug resistant lung and
ovarian tumor cell lines compared to nonresistant cell lines
[38]. The observed effect is unique to STPP incorporated in
liposomes and is most likely mediated by STPP induced
uncoupling of oxidative phosphorylation that has been
reported to be upregulated in drug resistant tumor cells [38].
The dose at which the selective toxicity is observed is too
high to warrant further investigation in in vivo models but
STPP liposomes are still a convenient test treatment for eval-
uation in the spheroid models developed in this study. To
establish a baseline, individual cell types used in spheroid
formation were first exposed to STPP in monolayer cultures
for 5 and 24h. In all cases, STPP liposomes resulted in com-
plete cell death in the monolayers, confirming their previ-
ously reported cytotoxicity on monolayer cultures. Spheroids
formed from both H69/AR and A2780/ADR cells were then
treated with STPP liposomes for 5, 24, and 48h. STPP lipo-
somes failed to induce significant toxicity in monoculture
spheroids at 24 h. Co-culture spheroids containing fibroblasts
as well as triple co-culture spheroids with fibroblasts and
endothelial cells, exhibited minimal toxicity after 48h of
treatment (Figure 5). These findings offer two critical insights:
first, the cytotoxic profile of STPP liposomes differs markedly
between monolayer and spheroid models. Second, the inclu-
sion of stromal components such as fibroblasts and endothe-
lial cells significantly alters the response to STPP liposomes.
Collectively these findings suggest the value of using spher-
oid models for more discriminating in vitro assessments of
therapeutic efficacy and the importance of incorporating
multiple cell types in spheroid models to more closely repli-
cate the characteristics of the in vivo TME. Moreover, spher-
oids of this type can be economically produced in large



numbers to afford the testing of a large number of formula-
tion and dosing combinations to optimize antitumor treat-
ments prior to testing in in vivo models. Liposomal formulation
optimization studies in particular can greatly benefit from
such testing to develop optimal lipid composition and drug
loading to maximize antitumor effect.

Conclusion

Multicellular spheroids incorporating fibroblasts and endothe-
lial cells, in addition to tumor cells, exhibited several key
characteristics that closely mimic the in vivo TME. Notably,
the inclusion of non-tumor stromal cells led to increased
expression of fibronectin, indicating active ECM remodeling
within the model. As the spheroids grew in size, fibroblasts
demonstrated directional migration toward the spheroid
core—a behavior consistent with stromal dynamics observed
in solid tumors. Additionally, HUVECs preferentially localized
to fibroblast-rich regions, reflecting structural and spatial
characteristics commonly seen in native tumor tissues. These
findings underscore the enhanced physiological relevance of
our co-culture spheroids for evaluating experimental tumor
therapies in vitro prior to in vivo validation. Moving forward,
future studies can build upon this work by incorporating
additional components of the tumor microenvironment, such
as immune cells (e.g. macrophages, T cells) or adipocytes, to
further enhance the physiological relevance of these models.
Integration of flow-based systems or microfluidic platforms
can help simulate interstitial fluid dynamics and drug trans-
port more realistically, offering a more comprehensive assess-
ment of therapeutic distribution and response. Additionally,
leveraging advanced imaging techniques and single-cell res-
olution analyses may provide deeper insight into spatial drug
penetration, cellular heterogeneity, and localized treatment
responses within these complex spheroids. These enhance-
ments would not only improve the predictive accuracy of in
vitro platforms but also support their use as ethically and
economically viable alternatives to in vivo testing in
early-phase drug development.
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