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ABSTRACT: Spheroidal cancer microtissues are highly advantageous for a wide range of biomedical applications, including high-
throughput drug screening, multiplexed target validation, mechanistic investigation of tumor−extracellular matrix (ECM)
interactions, among others. Current techniques for spheroidal tissue formation rely heavily on self-aggregation of single cancer cells
and have substantial limitations in terms of cell-type-specific heterogeneities, uniformity, ease of production and handling, and most
importantly, mimicking the complex native tumor microenvironmental conditions in simplistic models. These constraints can be
overcome by using engineered tunable hydrogels that closely mimic the tumor ECM and elucidate pathologically relevant cell
behavior, coupled with microfluidics-based high-throughput fabrication technologies to encapsulate cells and create cancer
microtissues. In this study, we employ biosynthetic hybrid hydrogels composed of poly(ethylene glycol diacrylate) (PEGDA)
covalently conjugated to natural protein (fibrinogen) (PEG-fibrinogen, PF) to create monodisperse microspheres encapsulating
breast cancer cells for 3D culture and tumorigenic characterization. A previously developed droplet-based microfluidic system is used
for rapid, facile, and reproducible fabrication of uniform cancer microspheres with either MCF7 or MDA-MB-231 (metastatic)
breast cancer cells. Cancer cell-type-dependent variations in cell viability, metabolic activity, and 3D morphology, as well as
microsphere stiffness, are quantified over time. Particularly, MCF7 cells grew as tight cellular clusters in the PF microspheres,
characteristic of their epithelial morphology, while MDA-MB-231 cells displayed elongated and invasive morphology, characteristic
of their mesenchymal and metastatic nature. Finally, the translational potential of the cancer microsphere platform toward high-
throughput drug screening is also demonstrated. With high uniformity, scalability, and control over engineered microenvironments,
the established cancer microsphere model can be potentially used for mechanistic studies, fabrication of modular cancer
microtissues, and future drug-testing applications.
KEYWORDS: tissue engineering, breast cancer, tumor modeling, biomaterials, microfluidics, drug testing

■ INTRODUCTION
The development of three-dimensional (3D) cancer models has
paved the way for accelerated design, discovery, and validation
of potential targets and drug compounds, thereby significantly
reducing the time, cost, and labor involved in the drug discovery
pipeline. 3D spheroidal cell aggregate models have been
established as more accurate and predictive than two-dimen-
sional (2D) models for cancer drug screening. However, current
commercial techniques for spheroidal tissue formation rely
heavily on the self-aggregation of single cancer cells and have
substantial limitations with regard to production consistency,
control, and flexibility.1−3 Although better than 2D cell models,
current self-aggregation systems are unable to replicate key

features of the native tumor microenvironment (TME),
particularly due to a lack of control over surrounding
extracellular matrix (ECM) components and heterogeneity in
shape, size, and aggregate forming tendencies.2,4 Hence, there is
a pressing need for novel, improved, and predictive 3D in vitro
systems that enable pharmaceutical companies to obtain
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physiologically and pathologically relevant information on drug
efficacy, safety, and response in a low-cost, facile, and high-
throughput manner prior to in vivo studies and clinical trials.
3D culture of cells within biomimetic and cell-supportive

engineered matrices provides physiological context to encapsu-
lated cells through close recapitulation of native cellular
microenvironments.5−9 In in vitro cancer studies, recapitulation
of the complex and dynamic TME is essential for capturing
various aspects of the pathological progression, including
tumorigenic initiation, proliferation, invasion, and migration,
among others.10−12 Tissue-engineered tumor-mimetic in vitro
platforms have become physiologically relevant in recent years,
providing close recapitulation of the TME.10,13 However, many
of these engineered tumor platforms are not scalable for use in
multiwell-plate drug-testing assays.14,15 In this regard, micro-
fluidic fabrication technologies can be used to integrate the
advantages of spheroid drug screening platforms with tissue
engineering tool sets to control/manipulate the cellular
microenvironment.
Developing in vitro engineered TMEs requires several

important design considerations, including cancer cell type(s)
and supporting cells used for encapsulation, the choice of
biomaterial to be used as scaffolds/matrices,16,17 and the
biofabrication technique(s) for generating synthetic cancer
tissue constructs.10,13,18 The choice of the biofabrication
technique is dictated by several factors including the size and
shape of the final tissue construct(s), scalability and throughput,
repeatability, and fabrication resolution.19,20 Encapsulation of
cells withinmillimeter-scale hydrogel constructs presents certain
challenges including (1) macromolecular mass transfer resist-
ance over large diffusion distances; (2) uncontrolled and
undesired heterogeneities in cell viability, behavior, and
function; (3) low scalability, low throughput, and large volumes
of cells andmaterials required per assay/experiment.21,22 Hence,
microencapsulation technologies that enable rapid and facile
creation of a large number of uniformmicrotissue constructs are
gaining rapid attention.20 Some of these techniques include
droplet microfluidics,23−28 emulsion-based1,29 and spray-based
droplet generation,30−32 flow lithography,33,34 microdrop
printing,35 among others. The majority of these techniques
yield hydrogel microparticles, microgels, or microbeads of size
ranging from submicron scale to a few hundred microns.36,37

In particular, droplet-microfluidic-based methods have been
used for encapsulation of cancer cells within hydrogel microgels
for the evaluation of anticancer therapies.27,38−41 Yu et al.
described the automated formation of alginate microgels (of
diameter ∼250 μm) encapsulating LCC6/Her-2 breast cancer
cells for the assessment of doxorubicin toxicity in comparison to
the standard 2D culture.27 Sabhachandani et al. reported
microfluidic production of alginate-based hydrogel micro-
spheres containing lymphoma cells, fibroblasts, and lympho-
cytes for simulating heterogeneous TMEs and evaluation of the
immunomodulatory drug lenalidomide.38 Interestingly, con-
tinuous dynamic perfusion is applied to the cancer microgels
during culture; this capacity for extended culture time is an
important requirement for drug testing. Yu et al. used a
microfluidic system to form breast cancer (MCF7) hydrogel
microspheres with core (collagen/Matrigel) and shell (alginate)
structure for the assessment of two anticancer drugs, docetaxel
and tamoxifen.39 To move toward the use of cancer microgels in
high-throughput screening, additional steps are needed. Upper
limits on microgel size in most studies using droplet-micro-
fluidic-based methods have been dictated by the use of

photolithography, which limits the microfluidic chip outflow
track dimensions and length; using these approaches, often only
a small number of cancer cells per microgel have been able to be
incorporated, which limits the available range in which
responses can be detected by downstream assays. Additionally,
most cancer microencapsulation studies, although demonstrat-
ing validation of the microgel platforms using anticancer drugs,
have not yet tested compatibility with automated liquid
handling, which is needed for integration with existing high-
throughput screening (HTS) assays. Moreover, employing
droplet-microfluidics-based methods to create engineered
cancer microtissues using biomaterials which more closely
recapitulate the TMEmay enhance the ability to obtain clinically
relevant drug efficacy data from metastatic and invasive cancer
cell lines.17

As an important consideration in engineering the TME, the
selection of the biomaterial/biopolymer/hydrogel used for
cancer cell encapsulation determines 3D cellular behavior,
spatio-temporal evolution in the engineered niche, and dynamic
cell−cell and cell−matrix interactions.16,17 A wide range of
natural, synthetic, and hybrid hydrogels have been used for 3D
cancer studies.7,17,42,43 Alginate, although advantageous for use
in droplet-microfluidic-based microgel production, does not
inherently support recapitulation of characteristic tumor cell
morphologies in 3D culture. Hybrid hydrogels comprising a
natural component that supports cell adhesion and matrix
remodeling (e.g., protein or protein-derived peptide sequence)
and a synthetic component that enables rapid crosslinking and
tuning of matrix properties (e.g., crosslinked polymeric
macromolecular chains) provide an optimal approach for
exploiting the advantages of both natural and synthetic
materials.5,17 In this study, we employ a hybrid hydrogel,
poly(ethylene glycol) (PEG) diacrylate (PEGDA) covalently
conjugated with fibrinogen to form PEG-fibrinogen (PF), for
establishing an in vitro engineered cancer microtissue platform.
PF hydrogels have been previously used in 3D in vitro cancer
studies for the evaluation of cancer cell−matrix interactions in
response to tuned matrix compositions, tumorigenic progres-
sion, and drug-efficacy testing.1,21,44−46

Using PF as the base precursor, we aimed to generate
hydrogel microspheres in the sub-millimeter range for potential
application in HTS assays and ease of robotic handling. A facile
droplet microfluidics approach with custom-modified design
(photolithography-free) and operation parameters was adopted
for efficient and consistent generation of hydrogel microspheres
encapsulating cancer cells (cancer microspheres) and their
subsequent 3D culture and characterization.44,45 PF hydrogel-
based uniform monodisperse cancer microspheres of diameter
800−1000 μm were generated in a rapid, high-throughput
manner. Two breast cancer cell lines (MCF7, weakly metastatic;
and MDA-MB-231, highly invasive and metastatic) were
encapsulated, maintained in 3D culture, and characterized in
terms of viability, metabolic activity, proliferation, 3D
morphology, and stiffness over 14 days in culture. Cancer cells
demonstrated cell-type specific differences in 3D morphology,
proliferation, and metabolic activity, thereby demonstrating the
ability of the PF microsphere platform for conducting
mechanistic cancer studies. Finally, proof-of-concept drug
testing was conducted on these cancer microspheres by shipping
them to an HTS laboratory to demonstrate their translatability
toward HTS assays. The cancer microsphere platform
developed in this study can be potentially utilized both for
mechanistic studies of the TME, tumor progression, and
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tumor−matrix interactions, as well as for validation studies in
the drug discovery process.

■ MATERIALS AND METHODS
Cell Culture and Maintenance. MCF7 (ATCC HTB-22) and

MDA-MB-231 (ATCC HTB-26) human breast cancer cells were
obtained from ATCC (Manassas, VA). Cancer cells were maintained in
Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Atlanta Biologicals), 1% (v/v) nonessential
amino acids (NEAAs) (Lonza), 1% (v/v) penicillin/streptomycin, 1%
(v/v) glutamax (Gibco), and 1% (v/v) sodium pyruvate.
Hydrogel Synthesis and Characterization. Poly(ethylene

glycol) diacrylate (PEGDA) was prepared as described previously.47

Bovine fibrinogen was covalently coupled to PEGDA according to
previously established protocols.1,21 In brief, fibrinogen was dissolved in
a phosphate-buffered saline (PBS) buffer with 8 M urea at a
concentration of 7 mg/mL. Tris (2-carboxyethyl)phosphine hydro-
chloride (TCEP-HCl) was added at a molar ratio of 1.5:1 TCEP to
fibrinogen cysteines to the above solution, and the final pHwas adjusted
to 8.0. PEGDA was dissolved in the urea−PBS buffer at 280 mg/mL,
and the solution was slowly added to the fibrinogen solution. The
reaction was allowed to proceed for 3 h at 25 °C in the dark. The
solution was then diluted with an equal volume of urea−PBS buffer and
precipitated in acetone at a volumetric ratio of 4:1 of acetone to product
solution. The precipitate was separated by centrifugation, weighed, and
redissolved in urea−PBS buffer at 2.2 mL of buffer/g of the precipitate.
The product was dialyzed against sterile PBS over 24 h (with three
changes of PBS) at 4 °C in the dark. The final product was aliquoted
into sterile centrifuge tubes and stored at −80 °C.

Synthesized PF was characterized for fibrinogen concentration using
a standard Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific) with bovine serum albumin (BSA) as standards. PEGDA
concentration was determined by aliquoting a known volume of PF
solution in glass vials, lyophilizing, and measuring the net weight of the
dry solid obtained.
Cell Encapsulation in PFMicrospheres.Cell encapsulation in PF

hydrogel microspheres was achieved through a microfluidic poly-
(dimethyl siloxane) (PDMS) device with a modified T-junction
design.44,45 A PDMS mold was created using a Sylgard 184 silicone
elastomer kit (Dow Corning) by pouring the mixture of the base and
cure components (ratio of 10:1) into a 3D printed bracket containing
the preassembled microfluidic channel mold. The mixture was
subsequently degassed and heat-cured at 70 °C for 2 h. After curing,
the microfluidic channel mold was disassembled. The microfluidic
PDMSmold was sonicated in 70% ethanol for cleaning and sterilization
before and after each use.

Before cell encapsulation, the polymer precursor solution was
prepared by mixing PF with 0.1% (w/v) of Pluronic F68 (Sigma), 0.1
mM eosin Y photoinitiator (Fisher Scientific), 1.5% (v/v) of
triethanolamine (TEOA) (Acros Organics), and 0.39% (v/v) of N-
vinyl pyrrolidinone (NVP) (Sigma). Cancer cells cultured in tissue-
culture flasks were trypsinized and resuspended in the hydrogel
precursor at 20 × 106 cells/mL.

The PDMS microfluidic T-junction had two inlets and one outlet;
the cell-laden polymer precursor was injected from the top inlet at 1
mL/h, mineral oil was injected from the bottom inlet at 10 mL/h via
syringe pumps, and crosslinked microspheres were collected at the
outlet. When the two phases interfaced at the T-junction, the aqueous
polymer phase was pinched into droplets by the oil phase and carried
along the channel. Cell-encapsulated microspheres were crosslinked by
a broad-spectrum visible-light source (intensity: 2.8 W/cm2) (Prior
Lumen 200). A mirror was placed behind the microfluidic channel
within a distance of approximately 0.5 cm to aid the crosslinking by
reflecting the transmitted light near the zone of crosslinking. The
microspheres were washed down from the outlet with prewarmed
media injected via a third syringe pump set at 22 mL/h. The
microspheres were centrifuged at 200 g for 3 min, and the supernatant
oil layer was removed. The oil-free microspheres were resuspended in
media and transferred to well plates for 3D culture over 14 days.

Quantification of Microsphere Size and Distribution. Phase-
contrast images of cell-laden microspheres were obtained at defined
time points using a Nikon Ti inverted microscope equipped with an
Andor Luca S camera. The microsphere diameter was analyzed in
ImageJ software (NIH, Version 1.52n) by manually drawing a region of
interest around the microsphere edges. A minimum of 50 microspheres
were analyzed per batch.
Assessment of Cell Viability. Cell viability within PF hydrogel

microspheres was assessed at defined time points by the Live/Dead
viability kit (Invitrogen) as per the manufacturer’s protocol. Live cells
were stained with calcein AM, and dead cells were stained with
ethidium homodimer 2. Fluorescence images of cell-laden micro-
spheres were obtained via a confocal microscope (Nikon AI confocal
scanning laser microscope), and images were analyzed in ImageJ
software to quantify cell viability. Each image stack was analyzed slice by
slice, and the number of live cells (labeled green) and dead cells
(labeled red) were manually counted. Cell viability was quantified as
(number of live cells)/(number of live cells + number of dead cells). A
minimum of three microspheres were analyzed for each time point and
each cell type.
Assessment of Microsphere Elasticity. Elastic moduli of

acellular and cell-laden microspheres were assessed via a parallel-plate
compression testing system. Fabricated microspheres were loaded onto
the CellScale Microsquisher platform, maintained at 37 °C in PBS,
preconditioned for compression testing, and made to undergo cycles of
compression and relaxation at a rate of 5 μm/s for a minimum of 15%
strain. The force−displacement data obtained from the compression
test (via SquisherJoy software) were converted to stress−strain curves,
and the lower portion of the curve (5−15% strain) was used to estimate
the elastic moduli of the microspheres. A minimum of three
microspheres were measured for each condition.
Assessment of Metabolic Activity.Themetabolic activity of cell-

laden microspheres was assessed using the 2,3-bis-(2-methoxy-4-nitro-
5-sulphenyl)-(2H)-tetrazolium-5-carboxanilide (XTT) assay (Bioti-
um) according to the manufacturer’s protocol. Cell-laden microspheres
were transferred into a 96-well-plate with one microsphere per well in
100 μL of media. 25 μL of the XTT working solution was added to each
well. After incubation for 18 h at 37 °C, absorbance (470 nm) and
background (660 nm) intensities were measured via a microplate
reader (Bio-Tek). The background intensity was subtracted from the
absorbance intensity to obtain the relative absorbance intensity for each
microsphere. A minimum of five microspheres were analyzed per
condition at each time point. The relative metabolic rate obtained was
normalized to day 0 values for each cell type.
Ultrastructural Visualization. The ultrastructural features of cell-

laden microspheres were visualized through scanning electron
microscopy (SEM). Cell-laden microspheres were washed with PBS,
fixed with 4% glutaraldehyde for 1 h, and postfixed with 2% osmium
tetroxide (electron microscopy sciences, EMS) for 1 h, all at 25 °C. The
fixed microspheres were dehydrated gradually in increasing concen-
trations of ethanol and chemically dried using hexamethyl disilazane
(HMDS) (EMS) for 3 h. Dried samples weremounted on carbon-taped
aluminum stubs, sputter-coated with gold (Pelco SC-6 sputter coater),
and imaged using a scanning electron microscope (JEOL JSM-7000F).
Immunofluorescence Staining and Imaging.The 3Dmorphol-

ogy and proliferation of cell-laden microspheres were visualized by
immunostaining and confocal fluorescence microscopy. Cell-laden
microspheres (post-14 days in 3D culture) were washed with PBS, fixed
with 4% paraformaldehyde for 1 h at 25 °C, permeabilized with 0.5%
Triton-X for 30 min, followed by incubation with a blocking buffer (2%
BSA and 5% FBS in PBS) overnight. On the following day, the
constructs were incubated with the primary antibody for Ki67 (human
antirabbit, Abcam, 1:100 dilution) for 3 h, followed by incubation with
the secondary antibody for Ki67 (Alexa Fluor 488 goat antirabbit,
Invitrogen, 1:200 dilution) and Alexa Fluor 568 Phalloidin (Invitrogen,
1:200 dilution) for 3 h. Finally, the microspheres were stained with
Hoechst 33342 (1:200 dilution) for 1 h and washed with PBS. Stained
microspheres were mounted on coverslips and imaged using confocal
microscopy to obtain z-stacks. Due to limitations of the objective
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working distance, z-stacks of microspheres were limited to 300 μm in
height.
Assessment of Drug Efficacy. Cell-laden microspheres were

produced in Dr. Lipke’s laboratory at Auburn University, Alabama, and
shipped to Dr. Minond’s laboratory at Nova Southeastern University,
Fort Lauderdale, Florida, overnight for drug efficacy assessment. The
microspheres were kept in sealed centrifuge tubes filled completely with
the medium and shipped at ambient temperature. The packaging was
prepared following regulations for UN3373 biological substances
category B. Maintenance of cell viability during shipping was confirmed
after the package was delivered.

To test the effect of known chemotherapeutic drugs on MDA-MB-
231 cell-laden microspheres, 100 μM doxorubicin was incubated with
the microspheres in 384-well plates. Viability was tested after 48 h using
the Live/Dead viability kit (Invitrogen) and imaged on a CellInsight
CX7 high-content imaging platform (Thermo Fisher Scientific).
Additionally, 384-well plates containing MDA-MB-231 microspheres
were treated with 1 μM staurosporine and 10 μM doxorubicin using an
automated liquid handler (Biomek NXP Beckman Coulter). Viability of
the cells was measured after 72 h using a CellTiter-Glo 3D luminescent
cell viability assay (Promega) using a Bio-Tek Synergy microplate
reader (Bio-Tek Inc., VT, US).
Statistical Analysis. All statistical analysis was performed using

Minitab 17 Statistical software (Minitab Inc.). After checking for
normality of distribution, one-way ANOVA with Tukey’s family error
rate of 5% was used to evaluate the statistical significance between
multiple groups, assuming equal variance and equal sample size of
compared groups. Unless otherwise indicated, p < 0.05 was considered
statistically significant.

■ RESULTS AND DISCUSSION
Fabrication and Size Characterization of Cancer

Microspheres. In order to consistently fabricate uniform PF
hydrogel microspheres, a microfluidic system employing an
aqueous-oil dual-phase system was established. Poly(dimethyl
siloxane) (PDMS) was used to construct a modified T-junction
mold with an outlet channel diameter of 900 μm and a length of
10 cm. The two inlet ends of the T-junction were connected to
syringes containing the cell-laden PF hydrogel precursor
(syringe pump 1 connected to top inlet) and mineral oil
(syringe pump 2 connected to bottom inlet), respectively. The
top aqueous inlet comprised a restriction segment for
stabilization of the aqueous/oil interface. The bottom inlet of
the T-junction comprised a tapering end to eliminate the dead
volume of the hydrogel precursor prior to entering the outlet.
The outlet also featured a tapering end at the T-junction to
increase the flow speed during droplet formation. The vertical
orientation of the T-junction, as opposed to a horizontal
orientation found in other studies, improved the separation
efficiency of the denser aqueous phase by the lighter oil phase.
These modified T-junction design features, adopted from flow-
focusing strategies, were critical for obtaining rapid aqueous-
phase droplet formation at optimized flow rates.
The composition of the hydrogel precursor and oil phase was

determined based on previous studies using dual-phase
emulsion techniques to create hydrogel microspheres.1 After
chemical conjugation of PEGDA and fibrinogen, the yield and
PEGylation efficiency were estimated and found to be similar to
those reported previously.21 The degree of acrylation of
PEGDA, measured through proton NMR, was reported as
96%. The PF obtained after dialysis contained 16.6 mg/mL
fibrinogen (determined by the BCA assay) and 21.5 mg/mL
PEGDA (determined by measuring the dry weight after
lyophilization). The mass of the total polymer was 3.8% w/v,
and the molar ratio of PEGDA: fibrinogen was 44:1. The PF
hydrogel precursor in PBS was mixed with eosin Y as the visible-

light-based photoinitiator, TEOA as the coinitiator, NVP as the
comonomer, and Pluronic F68 as the aqueous-phase surfactant
to stabilize the formed droplets. Cancer cells were resuspended
in the precursor at 20 × 106 cells/mL. The initial cell
encapsulation density within the hydrogel precursor can be
varied from 5 × 106 to 60 × 106 cells/mL without affecting the
photo-crosslinking efficiency of the polymer precursor or
uniformity of hydrogel microsphere size distribution. A broad-
spectrum light source was positioned midway over the channel
with a mirror being positioned behind the channel for reflecting
and focusing light within a distance of approximately 0.5 cm for
rapid crosslinking (crosslinking time: ∼1−2 s) (Figure 1A).

Shielding of the T-junction from incident light was necessary to
prevent undesired crosslinking at the T-junction and clogging of
the microfluidic channel. Optimization of the aqueous-phase
flow rate to 1 mL/h and oil-phase flow rate to 10 mL/h resulted
in uniformly crosslinked microspheres in the size range of 750−
950 μm in diameter. The end of the microfluidic channel was
connected to a third syringe pump containing media to collect
and wash off crosslinkedmicrospheres and to prevent them from
accumulating at the channel end. The cell-laden PF micro-
spheres in media were centrifuged, and the supernatant oil layer
was aspirated, after which the microspheres were resuspended in
media and maintained in 3D culture over 14 days.
Phase-contrast and fluorescence visualization of crosslinked

microspheres revealed an overall uniform appearance and size
distribution of microspheres. Encapsulated cells were also
observed to be uniformly distributed within individual micro-
spheres (Figure 1B,C). Further quantification of microsphere
size immediately postfabrication revealed a high degree of

Figure 1.Microfluidic fabrication and size characterization of cell-laden
PF microspheres. (A) Schematic of the microfluidic setup for the
generation of cell-laden PF microspheres and 3D culture. (B) Phase-
contrast image of MCF7 cell-encapsulated microspheres. (C) MCF7
microspheres imaged under green fluorescence (due to the presence of
the eosin Y photoinitiator in the hydrogel precursor). Scale bar = 1000
μm. (D) Distribution of microsphere diameter (with normal fits) from
three independent batches demonstrates the degree of interbatch and
intrabatch uniformity and monodispersity, n = at least 50 microspheres
per batch.
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interbatch and intrabatch uniformity and a low coefficient of
variation (CV) with the majority of microspheres within 800−
900 μm in diameter [batch 1: diameter = 850 ± 20 μm (mean ±
standard deviation), CV = 2.4%; batch 2: diameter = 870 ± 40
μm, CV = 4.6%; batch 3: diameter = 850 ± 40 μm, CV = 4.7%]
(Figure 1D).
Microfluidic fabrication of monodisperse micron-scale hydro-

gel constructs has previously been executed via a number of
techniques including continuous-flow lithography (CFL),34

stop-flow lithography (SFL),33 parallelized step emulsification
(PSE),48 flow focusing and droplet emulsification (FF-
DE),23−25,49−51 among others. Each of these techniques has
its own advantages and limitations, which make them conducive
toward specific applications. Some of these applications include
modular synthesis and assembly of microtissue constructs,48,51

cell encapsulation for therapeutic cell delivery,49,50,52 vasculari-
zation of macroporous hydrogel assemblies,53 and drug
delivery.54−56 In this study, we combined the working principles
of CFL (continuous flow across a projected optical path) and
FF-DE (dual-phase aqueous-oil flow and hydrogel precursor
droplet pinching) to create a microfluidic fabrication system that
enables high-throughput generation of nanoliter volume hydro-
gel microspheres with large size and high cell density.
Here, we employ larger spheroidal tissues with a much high

cell density than are typically produced using microfluidic
systems.45,57 Using our system, the total cell number per
microsphere is much greater than can be encapsulated in smaller
microspheres, providing a larger dynamic range for assessing
drug response, greater well-to-well reproducibility as a result of
higher tolerance to cell number variances between micro-

spheres, and arguably a more biologically relevant TME through
the recapitulation of in vivo and patient tumor diffusion
limitations.
Overall, the established microfluidic system was able to

facilitate the high-throughput generation of uniform cell-laden
PF hydrogel microspheres for subsequent 3D breast cancer cell
culture and investigation of tumorigenic behavior. Additionally,
this approach eliminates the need for costly microfabrication
and photolithographic and cleanroom expenses and the entire
setup can be easily assembled or disassembled within a standard
cell culture hood space.
Assessment of Cell Viability within Cancer Micro-

spheres. Post-microsphere fabrication and cell encapsulation,
the ability to maintain breast cancer cells in 3D culture within
the PF hydrogel microspheres over 2 weeks was demonstrated.
The cell viability for both MCF7 and MDA-MB-231 breast
cancer cells was visualized and assessed via fluorescence staining
and confocal imaging on day 0 (few hours postencapsulation),
day 7, and day 14 (Figure 2A−F). The cell viability for both cell
types on day 0 was found to be greater than 95% (Figure
2A,D,I), indicating that the microfluidic fabrication technique
(including the use of the UV light source) did not have any
significant impact on cell viability. In general, high viability was
maintained for both cell types through 14 days in culture
(>90%), except for MCF7 cells, which displayed a slight drop in
viability to 84% on day 7 (Figure 2I). Closer inspection of
encapsulated cells revealed that MCF7 cells grew as local dense
colonies or clusters within the microspheres (Figure 2G), while
MDA-MB-231 cells appeared to spread out and occupy the void

Figure 2. Cell viability within cancer microspheres. (A−C) Confocal z-projections of MCF7 cells and (D−F) those of MDA-MB-231 cells over 2
weeks in culture. White dotted circles denote the edge of microspheres. (Green: calcein AM, live cells; red: ethidium homodimer, dead cells) (scale bar
= 200 μm). (G) High-magnification z-projections of MCF7 cells and (H) MDA-MB-231 reveal overall high viability and differences in the cell-type-
dependent morphology (scale bar = 100 μm). (I) Quantification of cell viability within PF microspheres reveals high viability for both cell types
through 14 days in culture. n = minimum 3 microspheres per time point per cell type.
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space within the microspheres without any tendency of cluster
formation (Figure 2H).
MCF7 cells, being epithelial in nature, grow as tight clusters

with well-formed cell−cell junctions in 2D culture. MDA-MB-
231 cells, being mesenchymal in nature, grow as solitary cells
with elongated morphologies and long invasive protrusions in
2D culture, indicative of their migratory potential. Similarly, in
3D culture within PF microspheres, MCF7 cells adopted a
clustered morphology with tight packing within individual
clusters and a gradual increase in cluster size over time. MDA-
MB-231 cells, on the other hand, grew in the PFmicrospheres as
elongated, protruding single cells indicative of their invasive
morphology, even escaping the microspheres over time. These
cell-type-specific differences demonstrate the suitability of the
PF hydrogel microsphere platform in elucidating 3D behavior
relevant to the cancer type, thereby providing biological
relevance to the in vitro tumor model. Overall, the ability to
encapsulate breast cancer cells within PF hydrogel microspheres
and maintain them with high viability in 3D culture over time
was demonstrated.
Characterization of Microsphere Diameter, Elasticity,

and Cellular Metabolic Activity. Having established the
ability tomaintain cancer cells within PF hydrogel microspheres,
further characterization of the changes in microsphere size and
stiffness over time was conducted. When visualized through
phase-contrast microscopy, MCF7 cells appeared to form dense

local colonies arising from single encapsulated cells; these
colonies grew darker over time, indicating progressive cell
growth (Figure 3A,B,E,F,I,J). In contrast, MDA-MB-231 cells
appeared to form elongated morphologies within the micro-
spheres over time. Interestingly, a sharp decrease in diameter
was observed for MDA-MB-231 microspheres through 14 days
in culture, possibly due to contractile stresses exerted by
elongated cells on the PF hydrogel matrix. Quantification of the
microsphere diameter confirmed these observations (Figure
3M). In case of MCF7 cells, the microsphere diameter
significantly reduced from day 0 (average: 780 ± 20 μm) to
day 7 (average: 730 ± 30 μm) and remained fairly steady
thereafter. In case of MDA-MB-231 cells, the microsphere
diameter progressively decreased from day 0 (average: 770 ± 20
μm) to day 14 (average: 610 ± 30 μm) of culture.
In order to assess the effect of cell encapsulation and varying

cellular morphology on the stiffness of PF hydrogel micro-
spheres, the elastic moduli of cellular and acellular microspheres
were quantified via parallel-plate compression testing. The
elastic moduli of MCF7 microspheres increased significantly
from day 7 (123 ± 16 Pa) to day 14 (172 ± 8 Pa), while that of
MDA-MB-231 microspheres remained constant over time
(∼134 ± 10 Pa). Interestingly, the elastic moduli of acellular
microspheres (45 ± 5 Pa) were significantly less than those of
cell-encapsulated microspheres for any given time point,

Figure 3. Variation in microsphere size and stiffness over time. (A−L) Phase-contrast images of breast cancer cells encapsulated within PF
microspheres demonstrate variations in size distribution and cellular appearance ofMCF7 andMDA-MB-231 cells. (A,C,E,G,I,K: scale bar = 1000 μm;
B,D,F,H,J,L: scale bar = 200 μm). (M)Quantification of the microsphere diameter reveals a significant reduction in size for both cell types over 14 days
in culture (*p < 0.05, n = minimum of 50 microspheres). Red circles denote individual microspheres, blue diamonds denote the mean, while
rectangular boxes represent lower quartiles, medians, and upper quartiles of the respective groups. (N) Quantification of the elastic modulus reveals a
significant increase in MCF7 microsphere stiffness but no variation in MDA-MB-231 microsphere stiffness over time. The acellular microsphere
stiffness is significantly low compared to that of the cell-laden microspheres for both cell types. (*,#p < 0.05, n = 3 microspheres per group).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c00285
ACS Biomater. Sci. Eng. 2022, 8, 3831−3841

3836

https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00285?fig=fig3&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


indicating the influential and dominant role played by the bulk
stiffness of PF hydrogel microspheres (Figure 3N).
PF hydrogels, owing to their inherent low elasticity, are

susceptible to cell-generated forces and can be remodeled
mechanically under biophysical forces generated by encapsu-
lated cells, as well as by cell-responsive matrix degradation. Due
to their epithelial nature, MCF7 cells grew as tight clusters
within the hydrogel, expanding outwardly into the matrix with
cell division. For cluster growth to occur, reorganizing MCF7
cells also likely exerted contractile forces on the matrix.
Balancing these two effects, microspheres containing MCF7
cells had a relatively small, but noticeable decrease in size over 14
days in culture. In contrast, MDA-MD-231 cells, being
mesenchymal in nature, spread out as single cells and have the
potential to generate high traction forces to facilitate cell
migration. The cumulative effect of the MDA-MB-231 cells
adhering to and pulling against the surrounding hydrogel matrix
to form their contractile protrusions likely contributed to the
observed inward bulk shrinkage and compaction of the
microspheres. Parallelly, we also observed that MDA-MB-231
cells degraded the hydrogel matrix faster than MCF7 cells,
leaving the microspheres and growing in the surrounding well
plate. Thus, over time, MDA-MB-231 cells become more
invasive and protrusive in their morphology. The combined
effect of individual cell-generated forces and matrix degradation
was likely responsible for the gradual but significant shrinkage of
the microspheres from ∼770 to ∼610 μm over 14 days in
culture.
Further assessment of the relative changes in metabolic

activity of encapsulated cells within PF hydrogel microspheres
through 14 days in culture was conducted using the XTT assay
(Figure 4). MCF7 cells displayed increasing relative metabolic

activity through 14 days with significantly high activity on day
14, possibly due to cell proliferation and increasing local colony
formation. However, the metabolic activity of MDA-MB-231
cells remained fairly constant over time, indicating potential
metabolic quiescence or relatively low-proliferative behavior of
this cell type within PF hydrogel microspheres. Considering that
the relative cell density of MCF7 cells in the PF microspheres
increased due to cluster formation and cluster expansion, a
significant increase in metabolic activity over time is expected.
Interestingly, MDA-MB-231 cells remained as single elongated
cells within the microspheres, displaying a high degree of
migratory behavior and even escaping the microspheres over

time. Hence, the relative cell density of MDA-MB-231 cells
could have remained fairly constant, which explains the
nonsignificant changes in the metabolic activity of MDA-MB-
231 microspheres.
Overall, the encapsulation of cancer cells within PF hydrogel

microspheres resulted in gradual changes in microsphere size,
stiffness, and metabolic activity over time, which was modulated
by the cell-type dependent morphology, 3D cell behavior, and
potential cell-PF hydrogel matrix interactions.
Ultrastructure and 3D Cellular Morphology in Cancer

Microspheres. In order to visualize the ultrastructural surface
features of cells encapsulated within cancer microspheres, SEM
imaging was conducted. The SEM images of MCF7 micro-
spheres revealed dense local colony formation with spherical-
shaped colonies being distributed throughout the microsphere
surface (Figure 5A). Closer inspection revealed the dense
packing of MCF7 cells with tight cellular interactions within
individual colonies and microvillus-like features present on the
cell surface (Figure 5B). MDA-MB-231 microspheres displayed
different ultrastructural features compared to MCF7 micro-
spheres (Figure 5C). MDA-MB-231 cells appeared as individual
cells and interspersed within the mesh-like PF hydrogel matrix
(Figure 5D).
The 3D morphology and cellular arrangement of cancer cells

within PF hydrogel microspheres were further visualized by
fluorescence staining and confocal imaging. MCF7 micro-
spheres revealed a higher degree of Ki67 positive staining
compared to MDA-MB-231 microspheres (Figure 5E,G),
indicating higher cell proliferation in MCF7 cells. This
observation also correlates with the previous assessment of
cellular metabolic activity in Figure 4. MCF7 cells presented a
rounded morphology (as observed through F-actin arrange-
ment) and appeared to grow as distinct local colonies with tight
cell packing and distributed uniformly within the microspheres
(Figure 5F). However, MDA-MB-231 cells presented elongated
morphologies with a high degree of cellular projections and
filopodial extensions (Figure 5H), reminiscent of their
migratory and invasive behavior. These observations are in
line with those reported previously in gelatin methacrylate
hydrogels,58 where MCF7 cells grew as tight rounded clusters,
while MDA-MB-231 cells displayed invasive protrusions and
migratory behavior. In general, breast cancer cells encapsulated
within PF hydrogel microspheres displayed cell-type-dependent
differences in ultrastructural and morphological characteristics.
These differences reveal important insights into 3D cell behavior
under the synergistic influence of cell−cell and cell−matrix
interactions within PF microspheres.
Demonstration of Automated Drug Testing on Cancer

Microspheres. To demonstrate the feasibility of using the
microspheres for high-content drug testing, MDA-MB-231
microspheres were shipped overnight to test the capacity for
distribution, and maintenance of cell viability during shipping
was confirmed. MDA-MB-231 microspheres were then treated
with 100 μMdoxorubicin, and drug-induced changes in viability
were subsequently tested. Untreated microspheres exhibited a
robust signal from live cells, suggesting that the cancer cells
remain viable in 384-well plates for the assay duration (Figure
6A). Cells treated with 100 μMdoxorubicin showed a significant
loss of viability (Figure 6B). Therefore, doxorubicin adminis-
tered at high concentrations is expected to provide a strong
positive control for high-content assay development.
A 384-well pin tool device (V&P Scientific, Inc. San Diego,

CA) mounted on Biomek NXP (Beckman Coulter) was used for

Figure 4.Metabolic activity of cells within cancer microspheres. MCF7
cells display increasing metabolic activity through 14 days with
significantly higher activity on day 14. MDA-MB-231 cells display
fairly steady metabolic activity through 14 days in culture. All values are
normalized to day 0 values for each cell type. (*p < 0.05, n = 5
microspheres per group).
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the administration of drug compounds. The diameter of a pin
(0.457 mm) in the pin tool is slightly smaller than the size of our
microspheres. Therefore, to determine whether compounds can
be delivered into the wells containing microspheres without
damaging or removing them, we pinned some doxorubicin and

imaged wells before and after addition. When the number of
microspheres was low (∼3), the microspheres were not
perturbed by pinning (Figure 6C, top). When microspheres
were tightly packed and pinning was done by touching pins to
the bottom, pinning could potentially remove a microsphere

Figure 5. Ultrastructure and 3D morphology of cells within cancer microspheres. (A) SEM image of MCF7 microspheres reveals dense local colony
formation in individual microspheres. (B) At higher magnification, MCF7 cells appear to be tightly packed within individual colonies with visible cell-
surface microvillus-like features. (C) SEM image ofMDA-MB-231microspheres and (D) higher magnification image revealing individual cells (bulge-
like appearance) interacting with the surrounding PF hydrogel matrix. (A,C: scale bar = 100 μm; B,D: scale bar = 10 μm).Microspheres appear smaller
in size due to the shrinkage effects of SEM sample preparation. (E−H)Confocal z-projection ofMCF7 andMDA-MB-231 cells reveals prominent cell-
type-dependent differences in proliferation and 3Dmorphology (green: Ki67, red: F-actin, blue: nuclei; scale bar = 200 μm). All images were obtained
on day 14 of culture.

Figure 6.Drug testing onMDA-MB-231microspheres. (A) Untreated microspheres for control are mostly live, whereas (B) cells treated with 100 μM
doxorubicin for 48 h are mostly dead (blue: live; red: dead). Fluorescent images taken using the CellInsight CX7 high-content imaging platform. (C)
Images of wells containing MDA-MB-231 microspheres before (left column) and after (right column) the pinning by a 384-pin tool mounted on
Biomek NXP automated liquid handler, which is used for delivering drugs to the assay plate. Fluorescent images taken using the Cytation high-content
imaging platform (Bio-Tek Inc., VT, US). (D)MDA-MB-231microspheres treated with 1 μMstaurosporine for 72 h completely degraded. Bright-field
images taken using the Cytation high-content imaging platform (Bio-Tek Inc., VT, US). (E) MDA-MB-231 microspheres treated with 10 μM
doxorubicin are mostly intact but with visible cell damage. (F) Assessing the viability of MDA-MB-231 microspheres after 72 h of incubation using
CellTiter-Glo 3D. Bright-field images taken using theCytation high-content imaging platform (Bio-Tek Inc., VT, US). UC�untreated control, STS�
staurosporine, DOX�doxorubicin (*p < 0.05, n = 5 wells per group. Scale bar = 200 μm).
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from the well (Figure 6C, bottom). However, the shape of
microspheres appeared to be unperturbed; therefore, we do not
expect negative effects on viability. Alternatively, drugs can be
delivered by pinning them into the media without touching the
bottom of the well.
The MDA-MB-231 microspheres were also treated with drug

compounds including 1 μM staurosporine and 10 μM
doxorubicin in 384-well plates and incubated for 72 h. The
microspheres treated with staurosporine were completely
degraded (Figure 6D). The microspheres treated with
doxorubicin were mostly intact, but encapsulated cells showed
signs of cellular damage (Figure 6E). The degradation of the
microspheres treated with staurosporine could be a result of the
complete cancer cell degradation which releases multiple
nonspecific proteinases capable of degrading the fibrinogen
constituent of the microspheres.59 Doxorubicin-treated spheres
are intact since cells are not completely degraded, and, as a
result, the proteinases are not released. Quantitative analysis of
viability showed that both the drug treatments were able to
significantly reduce the cell viability compared to the untreated
control group (Figure 6F).
For the drug-testing assays, all MDA-MB-231 microspheres

were produced and then shipped overnight to a separate facility
for drug testing. Demonstrating the ability to distribute the
microspheres for third-party testing is an important step toward
the establishment of ready-to-use tissue-engineered cancer
models. In this way, end users can receive the microspheres,
employ them for assays, and obtain desired information with
minimal additional training. Having ready-to-use, shippable,
spheroidal-engineered tissue cancer models would further
streamline the automated drug testing process, leading to a
more efficient drug discovery process. Taken together, these
results suggest that the cancer microspheres have the potential
to be used as models for HTS strategies.

■ CONCLUSIONS
In this study, we used a droplet-microfluidic system for rapid,
facile, and reproducible fabrication of uniform cancer micro-
spheres with high cell densities. The microfluidic system enables
us to leverage tissue engineering tool sets in a spheroidal
geometry to produce highly consistent engineered cancer tissues
that can be directly employed in existing spheroidal cell
aggregate assays. Fabricated hydrogel microspheres supported
the 3D culture of breast cancer cells over at least 14 days in
culture. Encapsulated cells displayed cell-type-specific differ-
ences in morphology, proliferation, metabolic activity, ultra-
structure, and overall microsphere size distribution and bulk
stiffness. The cancer microsphere platform was shown to be
compatible with an automated liquid handling system for
administration of drug compounds and displayed proper drug
responses after the treatment, demonstrating initial applicability
to HTS drug discovery. Providing more physiologically relevant
drug response in a high-throughput and low-cost manner, the PF
hydrogel-based cancer microspheres could potentially improve
the translational success of drug candidates by providing more
accurate in vitro prediction of in vivo drug efficacy. The
developed cancer microsphere platform could enable further
mechanistic investigations of cell−cell and cell−matrix inter-
actions, tumorigenic phenomena, and disease progression. In
addition, this microfluidic system could potentially be extended
toward encapsulation of various other cell types for applications
in tissue engineering and regenerative therapy, such as the
production of cardiac or hepatic microspheres for injectable cell

delivery or drug toxicity screening. Future work is needed to
examine the utility of our cancer microspheres in drug screening
against existing drug libraries, in comparison with 2D cell
models, 3D self-aggregated cancer spheroids, and known in vivo
response, to determine the ability to overcome limitations of
current in vitro models in HTS.
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