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Biofabrication of Modular Spheroids as Tumor-Scale
Microenvironments for Drug Screening

Naveen Vijayan Mekhileri, Gretel Major, Khoon Lim, Isha Mutreja, Kenny Chitcholtan,
Elisabeth Phillips, Gary Hooper, and Tim Woodfield*

To streamline the drug discovery pipeline, there is a pressing need for
preclinical models which replicate the complexity and scale of native tumors.
While there have been advancements in the formation of microscale tumor
units, these models are cell-line dependent, time-consuming and have not
improved clinical trial success rates. In this study, two methods for generating
3D tumor microenvironments are compared, rapidly fabricated hydrogel
microspheres and traditional cell-dense spheroids. These modules are then
bioassembled into 3D printed thermoplastic scaffolds, using an automated
biofabrication process, to form tumor-scale models. Modules are formed with
SKOV3 and HFF cells as monocultures and cocultures, and the fabrication
efficiency, cell architecture, and drug response profiles are characterized, both
as single modules and as multimodular constructs. Cell-encapsulated Gel-MA
microspheres are fabricated with high-reproducibility and dimensions
necessary for automated tumor-scale bioassembly regardless of cell type,
however, only cocultured spheroids form compact modules suitable for
bioassembly. Chemosensitivity assays demonstrate the reduced potency of
doxorubicin in coculture bioassembled constructs and a ≈five-fold increase in
drug resistance of cocultured cells in 3D modules compared with 2D
monolayers. This bioassembly system is efficient and tailorable so that a
variety of relevant-sized tumor constructs could be developed to study
tumorigenesis and modernize drug discovery.

1. Introduction

Cancer drug discovery is an inherently unpredictable and labo-
rious process with clinical success rates showing a downward
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trajectory over the last decade.[1,2] Of the
oncology drugs which progress to Phase 1
trials, only 6.7% are successful, exposing a
need for new technologies which contribute
to a better understanding of tumorigene-
sis and improve the precision of preclini-
cal drug discovery.[1,3,4] Consequently, con-
siderable effort has been assigned to devel-
oping in vitro models that emulate the in
vivo tumor microenvironment with greater
accuracy.[3,5–12] However, with increasing
model complexity comes a reduction in ca-
pacity for high-throughput screening, a key
step in the drug discovery process.[3,13]

Some of the more promising in vitro
models have been developed using 3D
culture, including multicellular spheroids
or tumor organoids which better mimic
the architectural complexity of native
tumors.[3,13,14] While patient-derived tumor
organoids are able to maintain the intra-
tumor heterogeneity present in individual
patients and have substantial utility for
personalized treatments,[14–16] they are a
limited resource, and the long cultivation
times (up to 4–6 weeks) render them im-
practical for preclinical screening of new
drug candidates.[17] These constraints are

not shared by multicellular spheroids; which have the ability to
mimic biomolecular and hypoxia gradients, homotypic and het-
erotypic cell interactions, as well as nurture native cell polarity
and architectural arrangements (Figure 1a).[3] The established
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Figure 1. Cancer 3D in vitro model overview. a) Spheroid module formation using the liquid-overlay technique to produce tailorable multicellular
spheroids of tunable size through differential cell seeding. The resulting spheroids have distinct biomolecular gradients and model cell–cell interac-
tions. b) Microsphere module formation using a droplet microfluidics system, coupled with cell-friendly visible-light photo-polymerization. Cancer cells
are encapsulated within a spherical hydrated polymer network (e.g., Gel-MA hydrogel) and demonstrate both cell–cell and cell–matrix interactions.
Microsphere and spheroid modules can replicate heterotypic interactions in the tumor microenvironment through modifying the cellular make-up dur-
ing assembly (e.g., cocultures with fibroblastic cells). c) Spheroid and microsphere tumor modules can be bioassembled into tumor-scale composite
constructs for screening, drug discovery, or personalized medicine using an automated biofabrication platform which singularizes and inserts tumor
modules into bioplotted thermoplastic polymer framework.

microenvironments of multicellular spheroids allow changes in
cell behavior (e.g., migration and proliferation), drug response,
gene expression and protein synthesis, which are more indica-
tive of native tumors.[3] Nevertheless, the formation of com-
pact and reproducible spheroids is only limited to a small sub-
set of cancer cell lines and is highly dependent on the cell
phenotype.[18]

With the evolution of novel biomaterials and biofabrica-
tion strategies, contemporary cancer models have focused on
the encapsulation of tumor cells within a hydrated polymeric
matrix which mimics the extracellular matrix of the tumor
microenvironment.[3,11,19–23] As the cells are encapsulated, these
hydrogel platforms are not dependent on the self-assembly of
cells into compact spheres and therefore have wider utility for
drug screening on cell lines with different phenotypes. Naturally-
derived materials, ranging from single components to com-
plex compositions (e.g., collagen and fibrin, and decellularized
matrix and Matrigel respectively),[19,21,22] are advantageous as
they provide increasingly more accurate representations of the
native extracellular matrix components (with Matrigel as the
gold-standard due to the diversity of macromolecules present).
However these materials are restricted by high batch-to-batch
variation, limited control over structure and mechanics, and
poor compatibility with biofabrication techniques (e.g., light-
mediated crosslinking, bioprinting, microfluidic approaches).
Toward improved tunability, increased structural complexity, con-
trol over hydrogel properties and therefore compatibility with

biofabrication techniques, semi-synthetic and synthetic materi-
als (e.g., poly(lactic-co-glycolic) acid, polyethylene glycol, pep-
tide and gelatin-based hydrogels) have gained interest for tumor
modeling.[11,24,25] These materials allow for the physicochemical
properties (e.g., mechanics, porosity, degradation profiles) of the
material to be fine-tuned to obtain increased control over spe-
cific microenvironmental cues within tumor models.[25] Specif-
ically, gelatin-methacrylol (Gel-MA) is a commonly used func-
tionalized biomaterial and bioink for 3D bioprinting because it
is inexpensive, water-soluble and can be crosslinked with visible-
light to form a polymer network with tailorable physicochemi-
cal properties.[11,26,27] Gelatin, as a product of collagen hydroly-
sis (the most common protein found in the extracellular matrix),
can be remodeled by cell-mediated matrix metalloproteinases
and contains the necessary cell-binding motifs to enable cell sur-
vival and function.[25,64] To this end, cell-encapsulated Gel-MA
microspheres of tailorable size can be rapidly fabricated in high-
throughput, through adopting a droplet microfluidics system,
coupled with cell-friendly visible-light photopolymerization (Fig-
ure 1b).[28,29] The 3D hydrogel microspheres provide enhanced
control over the tumor microenvironment (compared to cell-
based spheroids) through introduction of cell–matrix interac-
tions, and thereby are a tailorable system for screening or probing
the tumor microenvironment at scale. Another key advantage of
hydrogel microspheres, is that the strategy permits near instan-
taneous fabrication of multicellular cancer microenvironments
without reliance on multi-day self-assembly.
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While these spheroid and microsphere modules better repre-
sent the in vivo tumor microenvironment, their small scale is un-
realistic compared to the size of native tumors (e.g., 1.0–4.3 cm
in breast cancer; 2.5 mm–11.9 cm in ovarian cancer).[30–32] Ad-
vancements in biofabrication and bioprinting have resulted in
the formation of larger tissue constructs through bioassembly of
prefabricated modules for tissue regeneration applications;[33–44]

but few studies have attempted bioassembly of tumor modules
to produce 3D models capable of replicating the tumor microen-
vironment at size scales similar to native tumors.[45–47] Simi-
larly, no comparisons have been made between 3D spheroid and
cell-encapsulated hydrogel models for high-throughput screen-
ing. Modular bioassembly provides the means to upscale mod-
els toward biologically-relevant sizes with precise control over
the architectural arrangement of modules and spatial compart-
mentalization of cell populations, biomaterials and native extra-
cellular matrix microenvironments (Figure 1c).[41] Furthermore,
these modular tumor-scale models provide opportunities to un-
derstand drug/nutrient diffusion profiles which will advance pre-
clinical drug screening capacities, however also bring challenges
with compatible analysis tools and technical difficulties. To prove
valuable for high-throughput screening, the formation of these
constructs must be reproducible, scalable and automated.[41]

This study aims to demonstrate a novel approach for the fab-
rication of well-defined and reproducible tumor models based
on modular assembly; where the direct spatial position of versa-
tile prefabricated modules can be controlled to form constructs
of clinically-relevant sizes. Specifically, the flexibility of an auto-
mated bioassembly system is demonstrated through the forma-
tion of scalar in vitro tumor models using a range of prefabri-
cated multicellular tumor modules (e.g., hydrogels, spheroids)
now commonly used in the literature. To demonstrate the flex-
ibility of this bioassembly strategy, multicellular ovarian carci-
noma spheroid and microsphere modules were evaluated based
on their fabrication efficiency and compatibility with formation
of modular constructs using a medium-throughput automated
3D bioassembly system. The cell behavior and drug response pro-
files, comparing standard 2D monolayers versus multicellular 3D
spheroid and hydrogel microsphere models, were systematically
investigated in a proof-of-concept ovarian carcinoma application.
This study works to address the throughput versus complexity
dichotomy which exists within the field,[48] by generating more
automated systems for the development of tumor-scale 3D can-
cer models for in vitro drug testing and personalized medicine.
The systems introduced in this study demonstrate further sig-
nificant potential for in vitro modeling approaches to increase
the predictive power of preclinical 3D models of the tumor mi-
croenvironment by more accurately anticipating the outcome of
candidate drugs before progression to animal studies or clinical
trials.

2. Experimental Section

Bioassembled ovarian carcinoma tumor models were con-
structed by first fabricating and characterizing cell-laden
spheroid and microsphere modules, and then assembling
them into printed scaffolds using an automated device. The
chemosensitivity of these in vitro models was then assessed
through undertaking dose-response studies with doxorubicin.

2.1. Cell Culture and Fluorescence Labeling

Human ovarian adenocarcinoma cells (SKOV3; ATCC, Virginia,
USA) and human foreskin fibroblasts (HFF; ATCC, Virginia,
USA) were routinely cultured in Dulbecco’s modified eagle’s
medium (high glucose, GlutaMAX supplement, pyruvate), sup-
plemented with 5% fetal bovine serum (FBS, Gibco, USA), and
1% penicillin-streptomycin. Cell lines were maintained in tissue
culture flasks at 3000 cells cm-2 and incubated in a humidified en-
vironment at 37 °C and 5% CO2. All cell lines were used within
10 passages and were mycoplasma negative.

To identify and track each cell line within the coculture models,
SKOV3 and HFF cells were labeled with the Qtracker 655 and
Qtracker 800, respectively (Life Technologies, USA). Briefly, cells
at 10 million cells mL-1 were incubated with 10 × 10-9 m labeling
solution for 1 h and washed twice with media before use, as per
manufacturer’s instructions.

2.2. Spheroid Fabrication and Assessment

To ensure the formation of reproducible spheroids using the
liquid-overlay method, sphericity and spheroid size were inves-
tigated on day 7. To assess sphericity, SKOV3 and HFF cells
were seeded at 80 000 cells per well at different percentage
ratios (100:0, 75:25, 50:50, 25:75 and 0:100, SKOV3:HFF) into
2% agarose coated 48-well plates (Figure 1a). To determine
the relationship between the cell seeding density and spheroid
size, labeled SKOV3 and HFF (at a percentage ratio of 75:25
(SKOV3:HFF)) were seeded at varying cell densities (60 000, 80
000, 100 000, 120 000, 140 000, and 160 000 cells).

Spheroids were fixed in 10% neutral buffered formalin
overnight and imaged using a Zeiss Axioimager Z1 (Zeiss,
Germany). The major and minor diameters of spheroids were
recorded by undertaking image analysis using ImageJ software.
Axial measurements (Z-axis) were used to assess the height from
the center to the periphery on each side of the spheroid. Spheric-
ity was calculated using:[49]

sphericity =
(

bc
a2

) 1
3

(1)

where a = major diameter, b = minor diameter and c = spheroid
diameter in Z-axis.

To investigate the distribution of different cell types within
spheroids, labeled spheroids were embedded in optimal cutting
temperature compound (OCT) and cryosectioned into 15 μm
thick sections. Slides were visualized using a Leica TCS SP5 con-
focal microscope.

2.3. Gel-MA Microsphere Fabrication and Characterization

Gel-MA was synthesized as described previously.[26] Briefly,
gelatin was dissolved in PBS (10 wt%, 50 °C) prior to addition
of methacrylic anhydride to 60 wt% for 1 h. The product was di-
alyzed against deionised water and filtered through a 0.22 μm
sterile filter; then lyophilized under sterile conditions.

Microspheres were generated using an adapted droplet mi-
crofluidics system, coupled with visible-light photopolymeriza-
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tion as described previously.[28,35,41] Dried Gel-MA (10% w/v) was
dissolved in PBS at 37 °C and SKOV2 and HFF cells were en-
capsulated at 10 million cells per mL with 0.2 × 10-3 m tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate (Ru) and 2 × 10-3

m sodium persulfate (SPS). To allow for direct comparisons
with spheroids, SKOV3 and HFF coculture microspheres were
formed at percentage ratios of 75:25 (SKOV3:HFF). For droplet
formation, a precursor solution containing cells was loaded into a
1 mL syringe, as the dispersed phase (flow rate 40 μL min-1), and
sunflower oil was used as the continuous phase (flow rate 1 mL
min-1) (Figure 1b). The microsphere droplets formed were then
exposed to visible light to initiate photocrosslinking (OmniCure
S1500, Excelitas Technologies with a Rosco IR/UV filter 400–450
nm: 3 min duration; 100 mW cm-2).[27] Crosslinked microspheres
were collected and washed twice in PBS for 5 min at 300 × g to
remove excess oil. Microspheres were dispensed to single wells
within 96-well plates and cultured over 7 days.

To ensure formation of reproducible microspheres, the size
distribution of SKOV3, HFF and coculture encapsulated micro-
spheres was assessed. Fabricated microspheres (n = 50) were
stained with Coomassie brilliant blue (Thermo Fisher Scientific,
USA) for 15 min and imaged using a Zeiss Axioimager Z1 micro-
scope. The major and minor diameters of the microspheres were
recorded by undertaking image analysis using ImageJ software
and the normal distribution was recorded.

2.4. Cell Viability, Metabolic Activity, and DNA Content Analysis

To assess cell viability within fabricated spheroids and micro-
spheres, samples were washed with PBS and incubated with 1 ×
10-6 m propidium iodide and 1 × 10-6 m calcein-AM (Molecular
Probes, USA) in PBS for 15 min at room temperature. The sam-
ples were washed with PBS and imaged on a fluorescent micro-
scope (Zeiss Axioimager Z1 microscope, Germany).

To ensure consistent cell encapsulation and to monitor cell
growth within microspheres, total DNA quantification was as-
sessed on days 0, 7 and 12. Cell-laden microspheres (n = 3, 4
microspheres/sample) were digested at 56 °C in 1 mg mL-1 pro-
teinase K dissolved in a 10−2 m Tris-HCl and 10−3 m disodium
EDTA solution, following treatment with DNase-free RNase A.
Total DNA was quantified using the CyQUANT Cell Proliferation
Assay Kit according to manufacturer’s instructions. A standard
curve was constructed using monocultures of SKOV3 and HFF
cells, and 75% SKOV3 and 25% HFF cocultures to accurately de-
termine cell number.

The metabolic activity of encapsulated cells on day one was
monitored and compared using an alamarBlue assay. Briefly,
each sample was incubated with media containing 10% alamar-
Blue solution for 24 h at 37 °C. Absorbance readings at 570 and
600 nm were used to evaluate dye reduction rates according to
manufacturer’s instruction.

2.5. Scaffold Fabrication and Bioassembly of Tumor-Scale
Constructs

Biodegradable poly(ethylene glycol)-terephthalate-poly(butylene
terephthalate) PEG-PBT block copolymers (55:45 wt% PEGT:PBT

Table 1. Assembled construct properties depending on tumor module.

Assembled Construct

Spheroid Microsphere

Dimensions 3 × 3 × 2.64 mm 3 × 3 × 1.76 mm

Fiber spacing 0.7 mm 1.0 mm

Fiber layers 8 (1st layer); 4 (2nd layer) 6 (1st layer); 2 (2nd layer)

and PEG at 300 g mol-1) were used to fabricate porous scaffolds
with a BioScaffolder system (SYS ENG, Germany) (Figure 1c).
Fibers, with a diameter of ≈220 μm, were oriented in a repeating
0-90°-90°-0° pattern in order to provide porosity in both the x-y
and z planes for assembly of 1 mm diameter modules.[41] PEG-
PBT was extruded using a computer-aided syringe dispenser with
a 25 G needle at a temperature of 200 °C, XY-plane speed of
500 mm/min, auger speed 63 RPM and a fiber height offset of
0.22 mm. Constructs were fabricated with modifications depend-
ing on tumor module (Table 1) and were further processed in the
x-y plane to achieve 3×3 mm constructs (Figure 1c).

A custom-made singularization device, developed in-house
and described previously,[41] was used for medium-throughput
bioassembly. To determine the reliability of the singularization
device to successfully handle individual spheroids and micro-
spheres, tumor modules (n = 10) were loaded into the singular-
ization device and the success or failure in singularization was
recorded over 10 cycles. The total number of successful singular-
ization cycles was used to determine the overall efficiency of the
singularization system.

To ensure the singularization device was benign and accu-
rate for the deposition of a variety of diverse tumor modules,
spheroid and microsphere constructs were assembled and com-
pared to more laborious manual bioassembly. Spheroid and mi-
crosphere tumor modules were inserted via a layer-by-layer ap-
proach into thermoplastic PEG-PBT scaffolds using the module
injection head. For each of two layers, four tumor modules were
inserted within the pores of the scaffold using the automated as-
sembly system (Figure 1c). For manually assembled scaffolds, the
whole scaffold was 3D plotted synchronously and the tumor mod-
ules were inserted manually into the pores and press-fitted into
place.

Spheroids (on day 7) and microspheres (on day 1) were as-
sembled into scaffolds and cultured in 24-well plates over 12
d. Live/dead staining was performed on days 1, 7 and 12 and
metabolic activity was measured (as detailed above) on day 1 to
assess cell survival.

2.6. Chemosensitivity Assays

To evaluate the chemosensitivity of the in vitro fabricated tu-
mor models (spheroids, microspheres and assembled tumor-
scale constructs), cytotoxicity assays were undertaken with dox-
orubicin. As many previous studies have demonstrated the lim-
ited response of 3D ovarian cancer models to first-line cyto-
toxic drugs, as a proof-of-concept an alternative anti-cancer drug
was modeled in this system.[50–52] Baseline cytotoxicity measure-
ments were taken in 2D monoculture formats. Briefly, SKOV3s,
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Figure 2. Experimental protocol and chronology.

HFFs and co-culture (SKOV3:HFF 75:25) cells (31 600 cells cm-2)
were seeded in culture media, in 48-well plates and incubated for
24 h before addition of drug. Spheroids (matured for 7 days), mi-
crospheres (on day 1) and assembled constructs were formed as
described above (Section 2.3 and 2.4), and doxorubicin was added
to triplicate samples at varying concentrations up to 10 × 10-6 m
(with a final concentration of 0.2% DMSO) and then incubated
for 4 days in regular culture conditions (media and drug changed
every 2 days) (Figure 2). DMSO-only controls were used to nor-
malize data (100% cell viability). Subsequently, the metabolic ac-
tivity of encapsulated cells was assessed using the alamarBlue as-
say as described in Section 2.5. Reagent incubation times were
20 h for all 3D tumor models and 3.5 h for 2D culture. The cy-
totoxicity of doxorubicin was calculated using GraphPad Prism
v9.0 (GraphPad Software, USA) and expressed in terms of IC50
values after normalizing to control cells. The IC50 values were
calculated from log(inhibitor) dose–response curves generated by
plotting cell viability, as a percent DMSO-treated controls, against
log10[drug] formulations.

2.7. Histology and Immunofluorescence Staining

Tumor models were fixed in 10% neutral buffered formalin for
1 h and immersed in 30% (w/v) sucrose in PBS at 4 °C overnight.
Samples were embedded in OCT and cryosectioned into 15 μm
thick sections. Slides were permeabilized with 0.25% (v/v) Tri-
ton X-100 and blocked in 5% (w/v) BSA for 60 min at room
temperature. Sections were stained with anti-Ki67 (1:100 dilu-
tion; Abcam, USA) and anti-gamma H2AX (1:5000 dilution; Ab-
cam, USA) at 4 °C overnight and then incubated with goat Alexa
Fluor 488 anti-mouse (1:500 dilution; Thermofisher, USA) and
goat Alexa Fluor 555 anti-rabbit (1:500 dilution; Abcam, USA) at
37 °C for 1 h. Counterstaining was performed with 4.5 × 10-6

m Hoechst 33342 (Invitrogen, USA) and the slides were washed
with 0.05% Tween-20 (Sigma, USA) and imaged using a Le-
ica TCS SP5 confocal microscope. 𝛾-H2AX and Hoechst 33342-
pixel counts were performed using ImageJ and 𝛾-H2AX was ex-
pressed as the percentage of the pixel count of Hoechst 33342
staining.

2.8. Statistical Analysis

Data are expressed as mean ± standard deviation. Using Graph-
Pad Prism v.9.0, statistical groups of data were compared by one-
way ANOVA or two-way ANOVA (P < 0.05). Tukey’s HSD tests
were used to determine which groups accounted for any differ-
ences detected.

3. Results and Discussion

3.1. Developing Heterotypic Cell Interactions: Cancer Spheroid
Formation and Evaluation

While replicating the cell populations present in solid tumors
is important from a biological and treatment perspective,[53,54]

the reproducibility and compatibility of the spheroids are also
crucial for automated bioassembly of complex tumors and ac-
curate drug efficacy studies.[41,55] To emulate the elaborate, cell-
dense, heterotypic tumor microenvironment with greater preci-
sion, monoculture and coculture ovarian carcinoma spheroids
were fabricated and the sphericity and diameter of spheroids
formed with differing cell ratios and seeding densities of SKOV3
and HFF cells was investigated. The sphericity of the spheroids
formed was significantly increased to 0.71 with the addition of
25% HFF cells (P < 0.0001) and to 0.83 at 50% HFF cells (P <

0.01), with no significant differences detected at higher percent
ratios (Figure 3a). To maximize the number of cancer cells within
the tumor modules, further experiments were conducted using
spheroids of 75:25 (SKOV3:HFF). Furthermore, the sphericity of
the spheroids was highly consistent across replicates, providing
confidence of the reproducibility of the formed spheroids using
this method.[33,41,56]

Modulating the cellular make-up of the microspheres allowed
for fine-tuning of spheroid density and size. The HFF mono-
cultures formed spheroids which were smaller with higher cell
density, while the SKOV3 monocultures formed discoid, loosely-
packed spheroids (Figure 3c). The reduced capability of SKOV3
cells to form compact spheroids has been attributed to low E-
cadherin expression and low 𝛽1-integrin levels,[57–59] and hence
the highly contractile, cadherin-expressing HFFs are able to
provide increased tight-junctions to achieve compact coculture
spheroids.[60] As automated bioassembly systems rely on com-
pact spheroidal modules; for further applications, incorporating
cadherin-expressing fibroblastic cell types into spheroids may be
key to drive the necessary compression of less-aggregating cell
types.

The diameter of the spheroids (75:25, SKOV3:HFF) could be
dynamically tuned by increasing the seeding density, resulting
in a range of diameters from 0.82 to 1.06 mm (Figure 3b). Co-
cultures seeded at 120 000 cells per well reproducibly formed
Ø1 mm microspheres which were used for the remaining ex-
periments to make multi-module cancer constructs (Figure 3b,c).
Spherical, compact and reproducible spheroids are important for
the successful operation of the automated bioassembly system,
where previous studies have shown that spheroids close to the
upper-limit (Ø1 mm) of the device have lower rates of error dur-
ing construct assembly.[41]
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Figure 3. Generation of reproducible ovarian carcinoma spheroids on day 7 using the liquid overlay method. a) Sphericity of spheroids formed with
varying percentage ratio of SKOV3 and HFF cells (n = 4). b) Coculture spheroid diameter formed with varying cell seeding density at fixed cell ratios
(SKOV3:HFF 75:25) (n = 4). Dotted line at 1 mm represents optimal spheroid size. Error bars represent ± standard deviation. Significant differences are
presented between neighboring values (**** p < 0.0001, ** p < 0.01, * p < 0.05). c) Darkfield images of monoculture and coculture spheroids seeded
at 120000 cells/well. d) Cell distribution of SKOV3 (Qtracker 800, red) and HFF (Qtracker 655, green) within coculture spheroids. Total nuclei visible via
Hoechst 33342 (blue). e) Live (Calcein-AM, green) and dead (propidium iodide, red) staining of monoculture and coculture spheroids.

Assessment of the location of different cell populations within
the coculture microspheres showed that the cell distribution
was even throughout the spheroids, however, interestingly, HFF
cells self-assembled by migrating to the center of the spheroid
while the SKOV3 cells formed a shell around this fibroblas-
tic core (Figure 3d). The formation of a fibroblastic core min-
imizes free energy as cells with higher cohesion (e.g., higher
cadherin expression—such as fibroblasts[60]) segregated to the
middle—a phenomenon not seen with cell lines of similar ex-
pression levels.[61,62] Furthermore, SKOV3 DNA is reported to
have high methylation of E-cadherin, with hypoxia further reduc-

ing E-cadherin expression[58,63]–explaining the tendency in our
study for SKOV3 to form less compact spheroids and segregate
to the outside of coculture spheroids (Figure 3d). This core–shell
architectural arrangement of cancer and non-malignant cells has
been shown to regulate tumor cells invasiveness and may explain
both the increased sphericity and compactness of the coculture
spheroids, and the prevalent directed cell invasion onto the scaf-
folded construct as seen below in Section 3.3.[12,64–66]

Both the monoculture and coculture spheroids had high cell
viability when cultured over 12 days, with dead cells present at
the center of the spheroids in each group (Figure 3e). These
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Figure 4. Generation of reproducible ovarian carcinoma Gel-MA (10%) microspheres using a visible-light microfluidic approach. a) Size distribution
and b) mean diameter (± standard deviation) and coefficient of variation, of microspheres with encapsulated SKOV3 and HFF monocultures, or cocul-
ture cells (n = 50). c) Representative bright-field images of monoculture and coculture microspheres on day 0. d) Live (Calcein-AM, green) and dead
(propidium iodide, red) staining of monoculture and coculture microspheres on days 1, 7 and 12. White arrows indicate positioning of high-density cell
carapace. e) Fold-change in DNA content (n = 3) for spheroids cultured over 12 days. Error bars represent ± standard deviation.

non-viable cell populations demonstrate the formation of a
hypoxic core as in the native solid tumor microenvironment,
whereby diffusion is insufficient to supply the central cells
adequately.[13,54,67] The benefit of culturing large Ø1 mm
spheroids described in this study, and that of larger bioassem-
bled models, is that nutrient and gas exchange gradients are
established automatically and better mimic that of the native
tumor microenvironment,[13,54] where the outer cells continue to
proliferate, migrate and disseminate away from the origin. This
observation is supported by the expression of the Ki67 prolifer-
ation marker predominantly at the edge of SKOV3 monoculture
and coculture spheroids (Figure S1, Supporting Information).

3.2. Introducing the Extracellular Matrix: Cancer Microsphere
Fabrication and Evaluation

It has become increasingly known that the extracellular matrix
and surrounding stromal cells produce major parts of the tumor
matrix and provide the biochemical and biophysical cues that dic-
tate cell behavior and shape the tumor microenvironment.[68,69]

In recognition of this, Gel-MA microspheres were rapidly fabri-
cated using a microfluidics approach to represent a proxy tumor
extracellular matrix, inaugurate cell–matrix interactions, and fur-
ther establish biomolecular gradients. The monoculture and co-
culture microspheres were successfully optimized to achieve

the Ø1 mm target that enables direct comparisons with cellu-
lar spheroid modules and for compatibility with downstream
approaches, and had a narrow size distribution with a low co-
efficient of variation (Figure 4a,b). This low dispersion of mi-
crosphere size demonstrates the suitability of this microflu-
idic approach for rapid, high-throughput production of repro-
ducible multicellular microspheres.[28] Unlike the formation of
spheroids, which cell-permitting may take anywhere from 24 h
to several days to form,[18] 500 microspheres could be fabricated
in under 1 h using this microfluidic approach without reliance
on the self-assembly of cancer cells into compact spheres.

The microsphere fabrication process was sufficiently precise
to avoid significant differences in cell numbers between differ-
ent cellular groups, with each microsphere containing an av-
erage of 5869 ± 281 cells (Table S1, Supporting Information).
The HFF and SKOV3 monoculture cells were evenly distributed
throughout the Gel-MA hydrogel microspheres (Figure 4c) and
showed high cell viability over 12 days of culture (Figure 4d).
As the cells situated at the core of the microspheres remained
viable, the Gel-MA appeared to provide a highly-hydrated envi-
ronment which was more diffusion-permissive than the dense
and purely cellular spheroid modules, despite the large module
diameters. However, in the coculture microspheres, while the
cells were evenly distributed throughout the microsphere on day
1 (Figure S2, Supporting Information), a high cell-density shell
was formed around the periphery of the microspheres at day 7,
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with a concurrent increase in non-viable cells at the core (Fig-
ure 4d). This resultant cell carapace may be accredited to height-
ened cancer cell migration towards normoxic and nutrient-rich
areas within the microspheres.[70] These enhanced migration ca-
pabilities may have been enabled by both extracellular matrix and
fibroblastic interactions,[12,53,65,71] and have caused amplification
of biomolecular gradients and the formation of a necrotic zone
unseen in other conditions.[54,67,72] Nevertheless, coculture mi-
crospheres continued to grow over 12 days, with a 4.5-fold in-
crease in DNA content from day 0 (Figure 4d). SKOV3 monocul-
ture microspheres grew 2.8-fold slower than the coculture mi-
crospheres, and HFF monoculture microspheres showed no in-
crease in DNA content over time (Figure 4d). In support of these
findings, there is abundant evidence of fibroblasts causing acti-
vation and stimulating the proliferation of tumor cells through
paracrine signaling.[53,65,73,74] Interestingly, despite large differ-
ences in DNA content and a clear increase in cell number at
the microsphere edge, Ki67 markers were localized to the bulk
of the microspheres (not the periphery) with equal expression
between SKOV3 monoculture and coculture microspheres (Fig-
ure S1, Supporting Information). The lack of cell proliferation at
the edge of the microsphere is consistent with studies that show
greater Ki67 in areas of lower confluence rather than highly-
confluent monolayers.[75]

3.3. Scaling up: Fabrication and Automated 3D Bioassembly of
Tumor-Scale Models

There are many salient features of the tumor microenviron-
ment that are desirable to replicate when developing in vitro
cancer models for drug screening. A multi-module construct
which can be assembled using automated processes will allow
for higher-throughput testing of these complex tumor models at
more biologically-relevant sizes. For the formation of large tumor
constructs (i.e., representative of native tumor-scale), a custom-
made singularization device was utilized for assembly of smaller
spheroid and microsphere modules into a bioprinted PEG-PBT
support scaffold framework (Figure 5a).[41] The custom-made in-
jection device had high singularization efficiency of 97% and
93% for tumor spheroids and microspheres respectively (Table
2) and was comparable to previous studies with chondrocyte
spheroids.[41] The average insertion efficiency was higher for
microspheres (≈96%) compared with spheroids (≈60%), which
demonstrated a large decrease in efficiency with the second layer
(≈33%) (Table 2). The insertion efficiency of the spheroids was
19.2% lower than previously observed,[41] and these compound-
ing layer errors may be due to the lower sphericity than car-
tilage spheroids.[33] Further optimization of the insertion head
throughout the z-plane may increase the efficiency and reduce
the error reported in both spheroid and microsphere insertion in
ensuing layers.

Due to the aspherical and inconsistently sized monocul-
ture spheroids, only coculture spheroids were compatible with
the automated bioassembly approach. This approach surpassed
the manual approach as it maintained cellular health during
bioassembly. As expected, there was no significant difference
in the metabolic activity of coculture spheroids or microspheres
with the manual or automated assembly strategy (Figure 5b). Af-

ter 24 h of culture, high cell viability was detected throughout the
constructs, however distinct regions of non-viable cells were visi-
ble in the manual assembly of both microspheres and spheroids
loaded into the scaffolds (Figure 5c). These distinct regions of
cell death were consistent with areas compressed or pinched by
insertion forceps during manual assembly, and highlight the su-
periority of the automated system for not only time-efficiency and
throughput, but specifically for maintaining cellular health dur-
ing 3D bioassembly of larger tumor-scale cancer constructs. This
is a particularly important consideration for future bioassembled
models containing sensitive cell types, such as adipocytes[76] in
breast cancer models.

Over culture time, the assembled spheroids matured and
fused to fill the square scaffold pores, with clear evidence of cell
proliferation throughout (Figure 5d and Figure S4, Supporting
Information). This change in shape and fusion of spheroids has
been shown in previous studies,[41,44] and is consistent with the
cancer cells migrating towards vacant space. The assembled mi-
crospheres retained their spherical shape due to the crosslinked
Gel-MA support material, with cells migrating to the surface
of the sphere and onto the PEG-PBT scaffold, which has been
shown extensively to support cell adhesion, proliferation and dif-
ferentiation in multiple cell and stromal cell populations,[77–79] re-
sulting in more dispersed cell proliferation staining (Figure 5d,e).
Migration of cells onto the thermoplastic PEG-PBT scaffold fibers
was expected from previous studies and is beneficial for the fu-
sion of individual tumor modules in future applications.[41,72] Af-
ter 12 days of culture both the automated assembled spheroid
and microsphere constructs had high viability with cells migrat-
ing throughout the whole construct and onto PEG-PBT support
scaffold (Figure 5e).

3.4. Testing the Model: Cytotoxic Efficacy of Doxorubicin

Having developed an automated modular bioassembly sys-
tem to fabricate tumor-scale cancer models, proof-of-concept
drug efficacy studies were performed with a common clini-
cally adopted chemotherapy drug—doxorubicin. Comparisons
were made across single module types (i.e., spheroids v. micro-
spheres), assembled constructs and 2D cultured cell controls;
comparing both monoculture and coculture conditions (Figure 6;
Figure S3, Supporting Information). In general, HFF monocul-
tures had higher IC50 values and lessened the effect of doxoru-
bicin on heterologous coculture models (Figure 6a,c; Figure S3,
Supporting Information). Furthermore, there were no increases
in DNA double-strand breaks (𝛾-H2AX) in HFF monoculture
spheroids at any concentration of doxorubicin (Figure 7a). The re-
sistance of HFF monoculture models to doxorubicin is expected
as the anthracycline compound targets replicating cells by inter-
calating with DNA and inhibiting topoisomerase II,[80] and Ki67
staining showed low levels of proliferation in both HFF spheroids
and microspheres (Figure S1, Supporting Information). Further-
more, fibroblasts are known to induce drug resistance in vitro
and in vivo,[55,71,81,82] both through cell signaling and secretion of
extracellular matrix molecules which may prevent drug penetra-
tion throughout the tumor modules.[83–85] However, these data
may also be explained by the proportion of HFFs (25%) present
in the tumor module.
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Figure 5. Ovarian carcinoma coculture construct bioassembly into PEGT:PBT scaffolds. a) Darkfield images of spheroid and microsphere bioassem-
bled constructs. b) Metabolic activity (alamarBlue reduction) of manual and automated bioassembled ovarian cancer tumor modules (day 1; n = 3).
Errors bars denote ± standard deviation. c) Live (Calcein-AM, green) and dead (propidium iodide, red) staining of bioassembled SKOV3:HFF coculture
spheroids microspheres using manual and automated bioassembly (day 1). d) Immunofluorescence imaging of Ki67 expression (yellow) and cell nuclei
(blue) in spheroid and microsphere assembled constructs. e) Live (Calcein-AM, green) and dead (propidium iodide, red) staining of bioassembled
constructs cultured long-term (day 12) in vitro.

Table 2. Singularization (n = 100) and insertion efficiency (n = 6 scaffolds,
8 modules per scaffold) of spheroid and microsphere modules (mean ±
standard deviation).

Spheroids Microspheres

Singularization efficiency 97% ± 4.8 93% ± 6.8

Insertion efficiency

• First Layer 87.5% ± 13.7 100.0% ± 0.0

• Second Layer 33.3% ± 25.8 91.7% ± 12.9

• Both layers 60.4% ± 12.3 95.8% ± 6.5

While traditional 2D culture can provide high-throughput
screening capacity to progress experiments toward higher com-
plexity formats, they are not representative of the pathophysi-
ology of native tumors and, hence, it is well established that
the efficacy and potency of drugs differ depending on the in
vitro model used.[85–90] In this study, 3D models had higher IC50
values compared with 2D models, and all bioassembled con-
structs had higher IC50 values than their respective individual
module counterparts (Figure 6a,b,e). Interestingly, without drug
treatment the coculture spheroids and their bioassembled coun-
terparts had the highest number of DNA double-strand breaks
and these (with all other module/construct groups) increased
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Figure 6. Chemosensitivity of ovarian carcinoma in vitro models to doxorubicin. Dose–response curves of cell viability within fabricated a) spheroids
and b) microspheres. Error bars represent ± standard deviation. c) IC50 values of doxorubicin in monoculture and coculture models. d) Darkfield images
of assembled coculture construct imaged after 4 days of exposure to doxorubicin. e) Fold-change in IC50 between different in vitro cancer models. Color
intensity denotes degree of fold-change. Crossed boxes highlight where comparisons could not be made because of an inability to form monoculture
assembled constructs. μT = spheroid, μS = microsphere.

from <0.1 × 10-6 m doxorubicin incubation as expected (Fig-
ure 7a,c and Figure S4, Supporting Information). Similar trends
were observed for bioassembled microsphere constructs (Fig-
ure 7b). These differences observed in the spheroid and micro-
sphere constructs, may be due to a range of biological mech-
anisms including the increased complexity of the tumor mi-
croenvironment (including the formation of biomolecule gradi-
ents), cell morphology differences and architectural organization
changes, reduced proliferation rates in 3D culture systems and
poor drug penetration throughout the large diameter and tumor-
scale model.[13,85,87–89,91] However, both individual spheroid and
microsphere modules had similar IC50 values at approximately

0.3 × 10-6 m with moderate DNA-damage (Figures 6c,e and 7a,b),
suggesting that the equal size of the tumor modules may result
in similar drug penetration and efficacy despite the difference of
an encapsulating extracellular matrix component.

When a bioplotted scaffold was introduced to form the as-
sembled constructs, microspheres had a ≈4.7-fold higher IC50
than the spheroids (Figure 6c,e). This may be due to the greater
migration of cells from the spheroids onto the scaffold whereby
an altered morphology was adopted, with greater exposure to
doxorubicin than when encapsulated in microspheres.[89] This
reduced cell density in response to increasing doxorubicin
concentration was visible throughout the bioassembled spheroid
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Figure 7. DNA double-stranded break analysis in doxorubicin treated ovarian cancer models. Pixel count analysis of 𝛾-H2AX as a percentage of Hoechst
33342 expression for models and constructs containing a) spheroids and b) microspheres. Error bars represent ± standard deviation. c) Representative
immunofluorescence images of 𝛾-H2AX expression (pink) and cell nuclei (blue) in spheroid and microsphere assembled constructs.

culture construct (Figure 6d and Figure S4, Supporting Informa-
tion). Overall, a step-wise increase in tumor microenvironment
complexity (through incorporation of extracellular matrix and
bioassembly into a scaffold) resulted in vastly different drug
efficacy and IC50 curves compared with traditionally-adopted
2D culture (Figure 6e). Furthermore, these bioassembled tumor-
scale models have since been further applied within in a micro-
physiological bioreactor perfusion system to improve the tumor
microenvironment model by recreating drug diffusion gradients
at relevant blood flow rates.[92] The overall approach taken here
reaffirms the utility of modular tissue engineering approaches,
involving medium-throughput bioassembly, automated bio-
fabrication and convergence with microphysiological/perfusion
systems,[93] for developing rapid tumor-scale models of the tumor
microenvironment to expedite drug discovery and personalized
medicine.

4. Conclusions

This study demonstrates the advantage of using an automated
and integrated biofabrication system for the development of
modular constructs toward biologically relevant sizes, which

mimic the complex extracellular organization and architecture
of the tumor microenvironment. Heterotypic coculture spheroid
(cellular) and microsphere (containing hydrogel matrix) modules
(Ø1 mm) were reproducibly fabricated and bioassembled to form
a multilayer tumor-scale cancer construct. Microsphere modules
could be rapidly generated using a range of cell types and demon-
strated higher-throughput fabrication compared with spheroids.
By modulating the cell populations and matrix molecules present
in this model, the tumor microenvironment could be further
fine-tuned to mimic the biology of in vivo tumors—resulting
in the formation of biomolecular gradients, varied cell densities
and quiescent and necrotic regions. Doxorubicin chemosensitiv-
ity assays conducted on the assembled spheroid and microsphere
constructs showed decreased drug sensitivity in cancer-fibroblast
coculture modules, and with increasing complexity and size of
the tumor model (from 2D to individual 3D spheroids to com-
plex tumor-scale bioassembled construct). Given our oncologi-
cal model can be fabricated in a medium-throughput and flexible
fashion, there is the potential for the development of a large num-
ber of tumor constructs (e.g., with cell types compartmentalized
in separate modules) for mechanistic studies or for improved pre-
clinical screening.
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