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A Self-Folding Hydrogel In Vitro Model for Ductal Carcinoma
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A significant challenge in oncology is the need to develop in vitro models that accurately mimic the complex
microenvironment within and around normal and diseased tissues. Here, we describe a self-folding approach to
create curved hydrogel microstructures that more accurately mimic the geometry of ducts and acini within the
mammary glands, as compared to existing three-dimensional block-like models or flat dishes. The micro-
structures are composed of photopatterned bilayers of poly (ethylene glycol) diacrylate (PEGDA), a hydrogel
widely used in tissue engineering. The PEGDA bilayers of dissimilar molecular weights spontaneously curve
when released from the underlying substrate due to differential swelling ratios. The photopatterns can be altered
via AutoCAD-designed photomasks so that a variety of ductal and acinar mimetic structures can be mass-
produced. In addition, by co-polymerizing methacrylated gelatin (methagel) with PEGDA, microstructures with
increased cell adherence are synthesized. Biocompatibility and versatility of our approach is highlighted by
culturing either SUM159 cells, which were seeded postfabrication, or MDA-MB-231 cells, which were en-
capsulated in hydrogels; cell viability is verified over 9 and 15 days, respectively. We believe that self-folding
processes and associated tubular, curved, and folded constructs like the ones demonstrated here can facilitate
the design of more accurate in vitro models for investigating ductal carcinoma.

Introduction

Breast cancer is one of the most commonly diagnosed
forms of cancer worldwide and ranks second only after

lung cancer as a cause of cancer mortality in the United
States.1–6 The most predominant type of breast cancer is in-
vasive ductal carcinoma (IDC), which makes up about 80%
of invasive breast cancer diagnoses.1,5 IDC is a cancer that
develops in the milk ducts and then spreads into the fatty
tissue of the breast.1 Cancer cells can also metastasize
through the lymph system or through blood vessels, spreading
to other parts of the body outside the breast.1 To treat breast
cancer, a variety of treatment programs that incorporate
chemotherapy, hormonal therapy, targeted antibody therapy,
radiation, and surgery have been developed, but breast cancer
still remains a major health threat.2 Consequently, a deeper
understanding of breast cancer biology is needed to improve
and create effective treatment methods.

While two-dimensional (2D) cell culture models have
provided us with simple and accessible approaches to study

cancer cells, the efficacy of these models is limited in that
they do not accurately represent important facets of the
cellular microenvironment and complex tissue architecture,
such as cell–cell and cell–matrix interactions in the three-
dimensional (3D) tumor environment.7–11 To address this
issue and bridge the gap between 2D cell culture and in vivo
models, in vitro 3D models have been proposed and used in
cancer cell research to better mimic in vivo structural and
biochemical cues. The models include spheroid cultures,
liquid overlay cultures, encapsulated cell cultures in gels,
microfluidic channel cultures, microfabricated scaffold
models, layer by layer cell printed models, microcarrier
bead cultures, and stirred or rotary cell cultures.7,12–14 These
models have been used to uncover important findings that
were not observed with traditional 2D cell culture models,
such as the spontaneous assembly of human breast carci-
noma cells in suspension and the formations of acini in 3D
cell culture in Matrigel�.7,11,15

However, there is still a need to improve these models to
more accurately mimic the geometry of the cancerous tumor
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microenvironment.7,16 More accurate models could improve
our understanding of cancer biology and also inform diag-
nostic and therapeutic approaches, as connections between
geometry and cell behavior have been demonstrated in many
physiological systems.7,17–21 For example, it has been shown
that MDA-MB-231 breast cancer cells behave differently than
other cells types depending on the curvature of the culture
surface and that breast cancer cells can preferentially grow
depending on the depth and anisotropy of the culture confi-
nement.17 Many current 3D in vitro models neglect important
anatomical aspects of organs, notably 3D micropatterns,
layering of cells, and tubular or folded geometries, features
that are relevant to anatomic microarchitecture in the human
body that consists of highly curved and folded macro- to
microstructures (e.g., brain folds, bronchioles, intestines, villi,
ducts, and capillaries). These features are particularly im-
portant in ductal carcinomas, which originate in tubular ducts.

In this article, we focus on the fabrication and assembly of
tubular and curved hydrogel structures. Tubular geometries
can significantly affect cell behavior due to strain, curvature,
and confinement effects. For example, Jamal et al. noted a
significantly higher insulin release from b-TC-6 islet cells
cultured in tubular geometries compared with flat geome-
tries.22 Xi et al. discovered that single HeLa cell confinement
in varying tubular microstructure could alter cell metaphase
plate formation and create chromosomal instabilities not seen
in 2D or 3D culture lacking tubular confinement and geom-
etry.23 Nelson et al. demonstrated that the geometry (such as
length, concavity, and bifurcation) of tubes could control the
local cell environment and thus directly affect branching
organ morphogenesis, showing the importance of tubular
geometry in the mammary microenvironment.20

Additionally, studies suggest that the lumens in curved or
tubular structures can alter the behavior of cancer cells. For
example, Bischel et al. observed that kidney epithelial
cancer cells were more invasive when cultured with human
umbilical vein endothelial cells in lumen structures com-
pared with being cultured in flat 2D or nonlumenal 3D ge-
ometries.21 Studies by Nelson et al.,20 Verbridge et al.,24

and Rumpler et al.18 also presented evidence of the im-
portance of lumen structure geometry in cell behavior.
Additionally, Bischel et al. were able to create a 3D lumen-
based ductal mammary model and found that cell–cell in-
teractions and apico-basal orientation played an important
role in recapitulating in vivo-like cell organization in vitro.25

Currently, hollow tubular structures can be fabricated using
several methodologies, such as manual rolling,26–28 electro-
spinning,29 microfluidic approaches,30,31 dip coating,32,33 flu-
idic self-assembly,34 layer by layer and template leaching,35

electrodeposition,36 molding,37 direct bioprinting,38 and pho-
tolithography.39 Involved in many of these approaches is the
use of synthetic scaffold materials, such as hydrogels due to
their biocompatibility,40 high permeability,41 porosity,42 and
structural similarity to the extracellular matrix of tissues.43,44

Self-folding is an emerging morphogenic approach that has
been used to create 3D photopatternable hydrogels for drug
delivery, tissue engineering, and surgery by the manipulation
of strain in layered films.45–47 Advantages that this approach
permits include facile layering of multiple cell types, micro-
patterning, mass-production, high precision reproduction of
tube and lumen dimensions and curvature, and material per-
meability for optical staining and visualization.

We fabricated curved and tubular structures by photo-
patterning two layers (a bilayer) of hydrogels with different
swelling ratios. We encapsulated MDA-MB-231 cells in
these curved and tubular poly (ethylene glycol) diacrylate
(PEGDA) bilayer hydrogels to create a platform for cell
growth in geometries that mimic mammary acini and ducts.
Additionally, we were able to incorporate methacrylated
gelatin (methagel) within the PEGDA bilayer hydrogels to
enhance cell adhesion and spreading. We verified prolifera-
tion of SUM159-green fluorescent protein (GFP) breast
cancer cells on the curved outer surface of these cell adhesive
tubular structures. Our biofabrication approach is a versatile
platform wherein physiologically relevant mammary gland
geometries can be mass-produced. Further, as we have
shown, multiple cancer cell lines were viable and our ap-
proach allows two distinct platforms for cell studies: one in
which cells are encapsulated within the interior of the outer
gel layer, and another in which cells are deposited and
proliferate on the outer surface of the structures. These ap-
proaches can be used separately or in concert to create tailored
tissue geometries for breast cancer studies.

Materials and Methods

Several of our fabrication methods are adaptations of a
previously published protocol.22 The important steps are
listed below.

Photomasks

Opaque and transparent 2D photomasks were designed
using AutoCAD and were printed on a Mylar film (Fineline,
Imaging). These transparency masks were used to fabricate
chromium (Cr) masks on glass, which have high fidelity and
reproducibility. Briefly, glass slides (2 inches by 2 inches,
VWR) were rinsed with acetone, methanol, and isopropyl
alcohol, and then dried with a stream of nitrogen gas. SC 1827
(Rohm and Haas) photoresist was spin coated on the clean
glass surface at 3000 rpm and baked at 115�C for 1 min. Then,
the glass slides were exposed to UV light through the pho-
tomasks at *160 mJ/cm2 and developed in 351 Developer
(Rohm and Haas) in deionized (DI) water (1:5 volume ratio)
for 50 s. The patterned glass slides were cleaned using oxygen
plasma (Plasma Etch) for 2 min at a radio frequency (RF)
power of 100 W and oxygen flow of 20 sccm. Then, 200 nm of
Cr was deposited onto the plasma-cleaned glass slides by
thermal evaporation, and finally the glass slides were im-
mersed in an acetone bath to dissolve the photoresist.

Chamber for hydrogel photopatterning

Since the hydrogel prepolymer solution had low viscosity
and readily flowed, it was necessary to confine it within a
chamber with a precise thickness during photopatterning. We
fabricated chambers composed of a bottom substrate and side
spacers of well-defined thickness. To prepare the bottom
substrates of the chamber, we cleaned the glass slides with
organic solvents, followed by oxygen plasma cleaning, and
thermally evaporated 15 nm of Cr and 100 nm of gold (Au).
Cut outs of Reynolds� aluminum foil were used as spacers
and were placed in between the top Cr mask and bottom Au
substrate. These two substrates were then clamped using
binder clips to form a chamber.
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Hydrogel prepolymer solution preparation

We utilized two hydrogel prepolymer solutions. One was
composed of PEGDA, and the other was a blend of PEGDA
and previously reacted methacrylic anhydride and gelatin
(referred to as methagel) solution. The solutions were freshly
prepared before each experiment and used within a week.
Briefly, PEGDA 700 (Sigma Aldrich) and PEGDA 4000
(Monomer Polymer & Dajac Lab) solutions were prepared in
separate containers to form 20% (w/v) in phosphate-buffered
saline (PBS). Irgacure� 2959 photoinitiator (BASF) in di-
methyl sulfoxide (DMSO; Fisher Scientific) solution (1:1)
was added to form 0.5% of the total solution. For experiments
where cells were encapsulated in the PEGDA gels, PEGDA
700 final solutions and concentrated PEGDA 4000 solutions
were each filter sterilized with 0.22 mm syringe filter before
suspension of cells.

We used the following process to create the second pre-
polymer solution: a blend of PEGDA 4000 and methagel.
The methagel solution was synthesized following the pro-
cedure described elsewhere.48 Briefly, porcine gelatin
powder (Sigma Aldrich) was added to PBS to form a 10%
(w/v) solution and heated at 65�C until the gelatin dissolved.
Then, methacrylic anhydride (Sigma Aldrich) was added at
0.5% (v/v) and was stir-mixed for *2 h at 65�C to form the
methagel solution. To create the methagel/PEGDA pre-
polymer solution, 200mL methagel solution was added to
1.49 mL of PBS, and then 400 mg of PEGDA 4000 powder
and 10 mL of Irgacure 2959 in DMSO (1:1) was added.

Cell culture and GFP transfection

MDA-MB-231 cells (ATCC) were cultured in Dulbecco’s
modified Eagle medium with 10% fetal bovine serum (FBS)
and 1% penicillin streptomycin (PS) or 1% antibiotic anti-
mycotic solution (Mediatech/Corning). SUM159 (generous
gift from Dr. S. Ethier, MUSC, SC) were grown in DMEM/
F12 50/50 (Mediatech/Corning) supplemented with 5% FBS
(Mediatech/Corning), 0.5 mg/mL hydrocortisone (Sigma
Aldrich), and 10mg/mL insulin (Sigma Aldrich). All cells
were maintained at 37�C in a humidity controlled incubator
with 5% CO2. To create SUM159-GFP cells, GFP-vector and
the retroviral packaging vectors were first introduced to 293T
cells (ATCC, grown in DMEM with 10% FBS) using lipo-
fectamine 2000 (Life Technologies). The viral supernatant
from 293T cells was then collected 48 h after transfection and
filtered using a syringe filter. This viral supernatant was then
used to infect the SUM159 cells. After 48 h of infection, the
viral supernatant was replaced with normal growth media.
The GFP-positive SUM159-GFP cells were then selected by
cell sorting for GFP by flow cytometry after 3–4 days.

Photoencapsulation of cells in the PEGDA hydrogels

Cells were trypsinized and centrifuged at 1100 rpm to
form a pellet. The pellet was resuspended in PBS by pi-
petting, and then a concentrated PEGDA 4000 solution was
added to the suspension. The final solution consisted of 20%
PEGDA 4000 and 0.5% photoinitiator solution in PBS. The
cell concentration was calculated at this step. To photo-
pattern the cells suspended in the PEGDA 4000 prepolymer
solution, the PEGDA 700 solution was first introduced into
the space in between the chamber and exposed to UV at

*150 mJ/cm2, creating the first layer. After photopatterning
the first layer, the mixed solution of PEGDA 4000 with
suspended cells was dripped onto the bottom substrate of the
chamber so that the cell concentration could be uniformly
maintained throughout the chamber. After closing the
chamber, the solution was exposed to UV light at *150 mJ/
cm2. The photopatterned cell-laden hydrogels were released
from the glass photomask by immersion in either PBS with
1% PS or in cell culture medium. After the structures were
released from the substrate, they were transferred to 24 or
48-well plates with each well containing two to three
structures. The plates were incubated at 37�C with 5% CO2,
and media was changed every 2–3 days.

Cell staining

The cell-encapsulating hydrogels were incubated in so-
lutions containing 2 mM calcein AM and 4 mM ethidium
homodimer-1 in PBS for 30–45 min. The structures were
then rinsed with PBS several times to wash off remaining
dyes before epifluorescence imaging.

Cell seeding on methagel mixed hydrogel

SUM159-GFP cells were grown to a confluence of 70–
80%, trypsinized, and then counted using a hemocytometer.
The methagel hydrogels were sterilized in 70% ethanol so-
lution for 5 min, washed in PBS, and then transferred to a 24-
well plate. To this plate, 5 · 104 SUM159-GFP cells were
added per well in a total of 300mL medium. The plate was
kept undisturbed for 2 days until the cells attached firmly
onto the outer gel surface. On day 2, hydrogel structures
with adhered cells were transferred using a sterile transfer
pipette to a new well for further cell culture. The gels were
visualized under phase and fluorescent microscopes to image
cell growth on the gel and subsequently photographed on
days 2, 4, 6, and 9.

Method for cell counting

On each day, six squares of dimensions 0.8 · 0.8 inch
(2.032 · 2.032 cm) were cropped from two to three images
of different hydrogel bilayer samples, which were seeded
with SUM159-GFP-expressing cells on the surface. These
cropped images were imported into ImageJ (version 10.2),
and an ITCN (Imaged-based tool for counting nuclei) Au-
tomatic Nuclei Counter plugin was used to count cells with
settings determined specifically for this application. The cell
count was averaged for the six cropped images, and the cell
number per cm2 was calculated for day 2, 4, 6, and 9.

Statistics

In Figure 2, the green triangles in panel C show the average
tube diameter (mm) with standard deviation bars in relation to
hydrogel thickness ratio of the first layer to inner layer. The
bar graph in Figure 5 shows the average cell density (cells/
cm2, averaged from six cropped images) versus days in cul-
ture, and standard deviation bars are included.

Microscopy

A Nikon AZ100 multi-zoom microscope with an In-
tensilight UV lamp and a Nikon DS-Fi1 camera was used
for imaging Figures 2, 3, and 6B, C, and D. A Nikon Eclipse
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TE 2000-E equipped with a Nikon Digital Sight DS-Qi1Mc
camera and NIS-Elements AR 3.10 software was used for
imaging GFP-positive cell proliferation in Figures 4 and 6E.
A Keyence VHX-5000 Digital Microscope was used to
image Figure 6B-inset.

Results and Discussion

The overall approach for fabricating ductal and acinar
mimetic platforms is illustrated in Figure 1. We created the
bilayer structures by photocrosslinking a prepolymer solution
within a chamber composed of Cr mask and Au bottom
substrate (Fig. 1A–D). It is noteworthy that the photo-
patterning of hydrogels using a UV mask aligner poses sev-
eral challenges, which are addressed in our fabrication
protocol. The photopatterning of a liquid-like low viscosity
solution that easily flows is overcome by confining the solu-
tion inside a chamber formed using spacers during UV ex-
posure; the chamber also allows control over the thickness.
After sequential UV exposure of each of the two PEGDA
layers, the developed photocrosslinked bilayers were released
from the substrate in aqueous solutions, where the bilayers
spontaneously curled up (self-assembled) due to a difference
in the swelling ratio of the two layers (Fig. 1E, F).

Our platform is versatile and amenable to variations in
structural design and approaches to cell culture, and can be
tailored to specific applications. Method 1 illustrates the
process for creating cell-free, self-assembling PEGDA hy-
drogel bilayers. The structures created by Method 1 were used
as controls to optimize the geometry and assembly process,
but additional steps were needed to enable cell culture in
assembled constructs. In Method 1, pure PEGDA bilayer
structures were formed by photocrosslinking PEGDA 700
first, and then PEGDA 4000, and releasing the structures in DI
water where they spontaneously assembled (Fig. 1A–F,
Method 1).

Methods 2 and 3 show two different approaches of adding
cells to the hydrogels by photoencapsulation and adhesion,
respectively. One of the key challenges of the latter two
methods was keeping the microstructures as sterile as possible
during the fabrication and assembly process to prevent con-
tamination during cell growth. Different sterilization ap-
proaches were necessary for microstructures formed by
Methods 2 and 3. In Method 2, PEGDA solutions were filter
sterilized to remove microorganisms before suspending cells,
which created a sterile PEGDA-cell mixture that could be
subsequently photocrosslinked. After the last UV exposure
step (Fig. 1C, Method 2), microstructures were released in 1%

FIG. 1. Schematic illustra-
tion of the bilayer self-folding
procedure. (A–F) General
steps involving (A, B) photo-
crosslinking of the first layer,
(C, D) photocrosslinking of
the second layer, and (E, F)
release and self-folding of the
microstructures. The use of
these three methods results
in pure PEGDA hydrogel
structures (Method 1),
cell-encapsulated hydrogel
structures (Method 2), and
cell-adhered hydrogel micro-
structures (Method 3). PEG-
DA, poly (ethylene glycol)
diacrylate. Color images
available online at www
.liebertpub.com/tec
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PS in PBS in a bio safety cabinet (Fig. 1D, E, Method 2).
Although the cell mixture was exposed to ambient air in the
clean room during assembly of the chamber, we found that
filter sterilization of the solutions and releasing and washing
the structures using 1% PS in PBS solution effectively min-
imized contamination. It is noteworthy that cell viability was
not affected by UV exposure over the dose ranges used here.

In Method 3, a prepolymer solution consisting of PEGDA
and methagel was used. This prepolymer solution had to be
kept at a higher temperature (65�C) to avoid spontaneous
gelation and consequently it was challenging to filter steril-
ize. We note that the method could potentially be modified to
incorporate alternate cell adhesive materials such as low
melting point gelatin (e.g., fish gelatin) or extracellular ma-
trix proteins such as collagen or laminin. However, since the
cells were added after release of the microstructures in this
method, it was possible to sterilize with 70% ethanol after
assembly (Fig. 1E, Method 3). Ethanol sterilization enabled
cell growth on structure surfaces without contamination
during the whole course of an experiment. Cell seeding was
achieved by introducing a cell solution into a tissue culture
plate, which contained assembled microstructures. This re-
sulted in cell attachment to both the fabricated structures and
to the tissue culture container (Fig. 1F, Method 3). Sub-
sequent transfer of the cell adhered microstructures to a new
plate was necessary to cultivate and image cells that were
exclusively attached to the microstructures.

The self-assembly of our hydrogel structures was largely
due to the layering of two PEGDA layers of significantly
different molecular weights, which resulted in a large differ-
ence between the swelling ratios (estimated to be 5.06 and
9.67 for PEGDA 700 and 4000, respectively).22,49 The high

swelling ratio for PEGDA 4000 is due to the fact that it has a
longer chain length that results in decreased cross-linking
during photopatterning and therefore greater absorption of
aqueous solutions. Conversely, the higher degree of cross-
linking in PEGDA 700 results in lower swelling.50,51 Due to
effective adhesion between the two layers, this differential
swelling caused the PEGDA 700/4000 bilayers to curve
spontaneously. The magnitude of the radius of curvature is a
result of the balance between this differential swelling and the
bending rigidity of the composite structure—a property that is
dependent upon the modulus and thickness of each of the
layers. Since swelling ratios and moduli can be predetermined
for a prespecified pair of photocrosslinked hydrogels, tubes of
different radii can be readily obtained by simply varying the
thickness of each of the two hydrogel layers.22 In our exper-
iments with PEGDA, by varying the spacer thickness ratio of
the hydrogel’s first (inner, 700 MW) layer to the second (outer,
4000 MW) layer during photopatterning between 1:1 to 1:4, the
bilayer could be self-assembled into curved tubular structures in
a range of diameters, varying from 752.2 to 1140.0mm on av-
erage (Fig. 2). The reported diameters represent the outer
measured diameter of the bilayer tubes. The inner diameter can
be significantly smaller since the ratio of the lateral dimen-
sions of the bilayer to the radius can cause a multi-rolled
structure to form (analogous to a Swiss roll configuration).
Depending upon the surface that is used for cell adhesion,
either the larger outer diameter or the smaller inner diameter
may be relevant. Consequently, we anticipate that this ap-
proach could be used to assemble curved hydrogel structures
with diameters ranging from hundreds of microns to several
millimeters, which is a size range of relevant scale for ducts in
mammary glands.52–54

FIG. 2. Variation of curvature versus layer thickness. (A) Optical longitudinal and (B) side view of self-folded tubes
composed purely of PEGDA formed by Method 1, illustrating that tubes ranging from smaller to larger diameters can be
formed by varying the thickness ratio of the two layers from 1:1 to 1:4. Conditions and scale bars are (A) in water, 500 mm
and (B) partially dry, 100mm. (C) Plot of the average outer tube diameter measured in water (mm, green triangles) in
relation to the thickness ratio and the average spacer thickness (mm). Blue and red bars correspond to the first (inner) and
second (outer) layer thickness, respectively. Color images available online at www.liebertpub.com/tec

402 KWAG ET AL.



To assess the use of these structures for breast cancer
studies, we encapsulated MDA-MB-231 human breast cancer
cells in the second (outer) layer using Method 2. Cells were
encapsulated both in flat (control samples, made from a single
layer of PEGDA 4000) and curved (folded PEGDA bilayers)
structures, and were cultured for a period of 15 days. We
observed no significant change of the diameter of the cell
encapsulated tubes compared to that of cell-free tubes. To
image the encapsulated cells within the hydrogels, the cells
were dyed with calcein AM and ethidium homodimer-1.
These dyes were able to diffuse through the porous hydrogel
network and stain cells. We were able to observe cells and
confirm their viability for the extended culture period, as
shown in Figure 3. Even though we dripped the cell solution
onto the bottom substrate to form a homogeneous cell-
hydrogel mixture during fabrication, we observed some
clumping of cells in both the flat control and within the self-

folded microstructure. Serial mixing and the inclusion of
low concentrations of BSA in the medium could modulate this
effect.

In addition to encapsulation, cells can also be seeded di-
rectly on the surface of the hydrogel microstructures. PEGDA
is a diacrylate form of poly (ethylene glycol) (PEG), which is
a hydrogel material that is biocompatible, nontoxic, water
soluble, and FDA approved for human use.51,55 Due to these
favorable properties of PEG, PEGDA is widely used for tissue
engineering applications, such as photoencapsulation of
cells,56–60 diffusion studies,61,62 and microparticle forma-
tion.51 However, this material by itself is universally known
to be nonadhesive to cells.51,55,59 Hence, we investigated the
use of a cell adhesive gelatin-modified PEGDA material.
Gelatin is a biomaterial that contains many cell binding mo-
tifs, such as RGD sequences.63 Methacrylate groups can react
with the amine groups of gelatin, and this methacrylated

FIG. 3. Cell culture and viability for
photoencapsulated cells. Live/dead assay of
MDA-MB-231 cells encapsulated in (A) flat
monolayer and (B) curved bilayer hydrogel
structures on day 10. Live and dead cells
were stained using calcein AM and ethidium
homodimer-1, respectively. The live cells
appear green and the dead cells appear red.
Scale bars are 1 mm. Color images available
online at www.liebertpub.com/tec

FIG. 4. Culture and proliferation of
SUM159-GFP breast cancer cells on metha-
gel/PEGDA blended self-folded tubes.
SUM159-GFP cells were seeded onto the
surface of hydrogel blend bilayers with the
outer layer made of methagel PEGDA and the
inner layer of PEGDA 700. Epifluorescence
images of GFP-positive cells (green) were
taken over a series of days. (A) By day 2, cells
that had attached grew sparsely. (B, C) Cells
proliferated and began filling in the empty
spaces along the hydrogel surface during day
4 and 6. (D) By day 9, cells were densely
populated and the hydrogel tube was over-
grown. Scale bar is 200 mm and corresponds
to 100mm in insets. GFP, green fluorescent
protein. Color images available online at
www.liebertpub.com/tec
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gelatin (methagel) can be cross-linked with PEGDA via
photopolymerization.64 To test our hypothesis that blending
gelatin with PEGDA would improve cell adhesion, cells were
plated on flat, single layer hydrogel blends of methagel/
PEGDA 4000, or on flat, only PEGDA 4000 controls. We
tested three different cell lines: MDA-MB-231, SUM159, and
HCC1806. All cell lines adhered and proliferated on the
methagel/PEGDA blend surface for 6 days, while cells failed
to adhere to the PEGDA controls (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/tec). This suggested that methagel enhanced cell adhe-
sion to PEGDA. By day 6, SUM159-GFP exhibited more
robust adhesion to the blended methagel PEGDA surfaces
than MDA-MB-231 or HCC1806. MDA-MB-231 showed the
least efficient adhesion to the methagel PEGDA hydrogels,

and did not spread well. We explain this result by noting that
SUM159-GFP cells exhibit more abundant adhesion mole-
cule expression (including the collagen receptor, alpha2 beta1
integrin) than MDA-MB-231 cells.65–67

Due to the good adhesion of SUM159-GFP cells, we chose
these cells for seeding and culture on self-folded methagel
PEGDA 4000 bilayer microstructures (Fig. 1, Method 3). The
microstructures were formed by combining a methagel
PEGDA 4000 blend as the outer layer with pure PEGDA 700
as the inner layer, such that cell adhesion would occur on the
outer surface of the bilayer. GFP-labeling facilitated live cell
imaging without repeated washing and sample handling.
SUM159-GFP cells not only adhered to the curved outer
surface, but also exhibited viability up to 9 days (Fig. 4). Cell
density was measured using epifluorescence imaging on days
2, 4, 6, and 9, and steady cell growth was noted throughout
this time course (Figs. 4 and 5). This increasing cell density
denoted a 10-fold proliferation during the course of the ex-
periment and validated the use of the methagel PEGDA
polymer in physiologically inspired, biomimetic models with
tubular geometries (Fig. 5). We also note that the cell density
of each day is statistically different when compared to the
cell densities of any of the other days in Figure 5 using the
unpaired t-test.

Important features of our microfabrication and assembly
process include its versatility, reproducibility, and tunability.
AutoCAD design tools make it possible to produce a variety
of photomasks with precisely designed uncross-linked and
cross-linked regions. Hence, it is possible to create photo-
crosslinked hydrogel patterns that self-fold into a variety of
anatomically inspired structures of relevance to the anatomy
and biology of breast cancer. To illustrate these features, we
assembled tubes, branched tubes, tubes ending with acinus-
like structures, and acinus-like spheres that all mimic geom-
etries seen in situ in mammary glands (Fig. 6).68 The branched
structures were designed with three rectangles joined to one
area in the center so that the self-folded rectangles stayed
connected (Fig. 6A, B). By careful construction and cell
seeding, we anticipate that the triple-branched structures
could be used to study interactions between three different

FIG. 5. Proliferation trend of SUM159-GFP cells cultured
on methagel PEGDA. A bar graph of the average cell
density versus days in culture (day 2 through day 9), indi-
cating approximately a tenfold increase from D2 through
D9. Bars indicate standard deviation.

FIG. 6. Interconnected tu-
bular and acinar mimetic
structures. (A) Photomask
designs used to pattern and
assemble (B) interconnected
branched tubes, (C) tubes
with lobules, and (D) acinus-
mimetic structures. (E) Epi-
fluorescence image of
SUM159-GFP cells cultured
on methagel PEGDA acinus-
mimetic structures showing
cell viability. Scale bars are
(B, C) 1000mm, (D) 500mm,
and (E) 200mm. Color ima-
ges available online at
www.liebertpub.com/tec
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cell lines that are separately encapsulated in each of these
curved structures, or to test the reproducibility of identical
experimental conditions. Three flower petal shapes were ad-
ded to a rectangle to form a structure that would fold into a
curved and tubular shape. This created a spherical structure on
one end of a tube, mimicking lobules at the ends of mammary
ducts (Fig. 6A, C). Flower petal shapes were designed with six
petals, so that the petals would fold into spherical structures
resembling acini (Fig. 6A, D). Additionally, we seeded
SUM159-GFP cells on acinar-mimetic structures made with
the methagel PEGDA blend, and verified cell attachment and
viability on these models (Fig. 6E).

Conclusion

In summary, our platform offers several advantages for the
study of breast cancer cell biology and responses to therapy.
First, due to the anatomical microstructure in mammary gland
ducts, we believe that tubular and curved hydrogel structures
are more accurate models for ducts and acini compared with
either 2D culture or gel block models. The breast duct is a
curved and tubular structure with layers of ductal epithelium,
myoepithelium, and basement membrane.69 Our hydrogel
structures, with distinct layered regions for potentially
separated populations of cells in culture, can advance the
coculture of multiple cell lines in one hydrogel system that
has biologically inspired, curved geometries. Second as
shown here, cells can be grown in two types of modalities:
encapsulated (in PEGDA) or surface-adhered (with the in-
corporation of methagel to seed cells on the surface), seeded
at controlled concentrations, and kept viable for long time
periods. Third, the porosity of the hydrogels allows efficient
access of oxygen, nutrients, chemotherapeutics, and label-
ing reagents to encapsulated cells. Oxygen and nutrients
during cell culture and staining agents can easily diffuse
through the polymer network and reach cells. Finally, the
optically transparent constructs facilitate imaging, in con-
trast to other systems that are currently in use.22 In this study,
we demonstrated a new approach to culture breast cancer
cells in and on curved bilayer hydrogel structures that were
inspired by breast duct geometry.
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