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Abstract
Extracellular matrix (ECM)-based hydrogels can serve as scaffolds in reconstruction of physiologically relevant three-
dimensional (3D) in vitro models. Biocompatible or integrated hydrogels can be used to modulate ECM properties
such as stiffness and composition for studies of cell−ECM interactions and morphogenesis. To this end, we developed
a new type of spatially modified collagen type 1 hydrogel by convective addition of collagen type 1 solution. The
matrix displayed properties that were distinct from those of a collagen type 1 hydrogel and recapitulated the
morphology and function of mammary epithelium in a 3D microfluidic platform. In this ECM, mammary epithelial cells
secreted laminin and exhibited self-assembly into a basement membrane. Thus, this spatially modified ECM offers
biophysical features that can facilitate the construction of mammary epithelium and, by extension, that of various
other epithelial types. Additionally, our reconstructed mammary duct can be used as an in vitro model for the study of
early-stage breast cancer.

Introduction
The mammary duct branches from the mammary gland

to transport milk for feeding infants contains a hier-
archical epithelial structure and is surrounded by micro-
environmental components such as an extracellular
matrix (ECM), stromal cells (mainly fibroblasts and adi-
pocytes), and blood and lymph capillaries1–3. Breast ECM
is typically composed of collagen type I (COL1, the most
abundant ECM component), laminin, collagen type IV
(COL4), fibronectin, and other proteins4,5, and its prop-
erties of composition, density, and stiffness influence cell
function and phenotype6–9 via regulation of gene
expression, morphology, and cell migration and differ-
entiation10–12. For example, ECM density has been shown

to play a role in tissue regeneration and maintenance13–15,
and its porosity regulates cell migration and positioning16.
Additionally, interactions among the other micro-
environmental components regulate mammary epithelial
branching through paracrine signaling of growth factors
secreted by adipocytes17. These interactions affect not
only epithelial development but also disease progression,
including tumorigenesis2,18.
Microenvironmental components are the main focus

of recently developed three-dimensional (3D) models4.
In typical 2D models that use microwells, Transwells,
or Petri dishes, cells are cultured on ECM-coated
plastics and exhibit changes in gene expression, mor-
phology, and cell−ECM interactions in response to
soluble factors in the medium19,20. However, these
models do not accurately reflect the complexity of
microenvironmental components, which can be suc-
cessfully recapitulated by in vitro 3D models21–24. In
one such model, epithelial cell aggregates were
embedded in ECM composed of COL1, Matrigel
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(MAT), or their mixture and formed spheroids with a
hypoxic core and hollow microstructures known as
acini23,24 that developed apical-basal polarity when
embedded in hydrogel and secreted milk protein,
although no fluid flowed through the hollow structure
of the mammary duct. Another model with a branched
lumen was developed to mimic the hierarchy of
mammary ducts on a basement membrane (BM) pro-
tein (MAT)-coated polydimethylsiloxane (PDMS)
microfluidic channel surface21. Although the model
simulated branched lumen structures on a BM, it had
no other microenvironmental components since the
epithelial cells were in direct contact with the PDMS
surface. Another in vitro mammary duct was formed
on a hydrogel with cocultured fibroblasts that included
a BM and stromal cells but only on a notably stiff, high-
density (6 mg/ml) collagen surface located far from the
in vivo mammary duct25.
Recently, in vitro microfluidic models have been

developed that incorporate hydrogel with various ECM
components such as COL1 (at a low density, i.e., 2~3 mg/
ml), MAT, and a COL1/hyaluronic acid mixture26–32.
These models were used to investigate interactions
between cells and microenvironmental components of
ECM. ECM hydrogel modified by growth factors or other
ECM components to mimic BM33,34 were shown to be
essential for the formation of stable endothelial or epi-
thelial barriers in in vitro models. Recombinant BM
(rBM) was generated by spatial modification of COL1
nanofibers within diluted MAT34 and formed a stable
endothelial monolayer with an enhanced endothelial
barrier function resulting from “outside-in” signaling
between laminin and integrin. The mammary duct is also
surrounded by BM components on an interstitial COL1
matrix, and thus a similar in vitro strategy can be used to
form a confluent mammary duct.
We previously reported a protocol for generating

rBM, MAT-coated COL1 nanofibers34 because MAT is
mostly composed of BM components such as laminin
and COL4. In this study, we also attempted to control
the physical properties of COL1 hydrogel with the
homogeneous material COL1 instead of MAT to con-
struct mammary epithelium based on reports that the
physical properties of ECM can affect epithelial cell
behavior13–15. Even without addition of BM compo-
nents, we hypothesized that regulating the physical
properties of COL1 hydrogel only with homogeneous
material of COL1 (COL1-coated COL1 hydrogel) could
aid in formation of a stable mammary duct. We present
a new method for spatial modification of COL1 hydrogel
by convective addition and localization of additional
ECM components on precured COL1 hydrogel nanofi-
bers, which changes the local physical/chemical prop-
erties of the COL1 hydrogel.

Materials and methods
Fabrication of the microfluidic device
A microfluidic device incorporating hydrogel was fab-

ricated from PDMS (Sylgard 184; Dow Chemical, Mid-
land, MI, USA) cured on an SU-8 patterned silicon wafer
by conventional soft lithography. Cured PDMS was cut,
and holes were constructed with a biopsy punch to form
the device, which was autoclaved at 120 °C for 20 min
followed by overnight drying at 80 °C. The PDMS device
and a cover glass were bonded together by oxygen plasma
treatment (Femto Science, Yongin, Korea). The micro-
channels were coated with 2 mg/ml polydopamine solu-
tion for 2 h at 25 °C, washed with distilled deionized water
and dried overnight at 80 °C to render the channel surface
hydrophobic. The dimensions of the microfluidic device
are illustrated in Figure S1(a).

Convective/diffusive ECM coating of the COL1 hydrogel
Spatially modified ECM channels were filled with 2mg/ml

COL1 solution (Corning Inc., Corning, NY, USA) at pH 7.4
and incubated at 37 °C for 30min. Preparation of the
COL1 solution is described in our previous paper26. In brief,
COL1 solution was diluted with 10× phosphate-buffered
saline (PBS) (Lonza, Walkersville, MD, USA) and distilled
deionized water. The mammary duct (central) and side
channels were filled with 1× PBS followed by storage at 37 °
C in a 5% CO2 incubator for 24 h. After removal of the PBS
in the channels by aspiration, the side and mammary duct
channels were filled with 20 µl of 1× PBS and 60 µl of 200
µg/ml COL1, MAT (Corning Inc.), or laminin (Thermo
Fisher Scientific, Waltham, MA, USA), which were diluted
with 1× PBS. Convective flow from the center to side
channels was generated by the height difference between the
reservoirs (approximately 1.6mm, corresponding to a
pressure difference of 14.6 Pa). After incubation at 37 °C and
5% CO2 for 40min, the channels were sequentially washed
twice with 1× PBS and filled with cell culture medium. For
diffusive flow coating, the side and mammary duct channels
were filled with 60 µl of 1× PBS and an equal volume of 200
µg/ml COL1, respectively (Fig. 1d and Fig. S1(b)).

Cell seeding in the microfluidic device
HMT-3522 S1 nonneoplastic human mammary epi-

thelial cells (HMECs) were prepared with the MEGM
BulletKit (Lonza) in a culture dish (Corning Inc.). The
mammary duct channel was filled with 60 µl cell sus-
pension (2×106 cells/ml), and the device was incubated at
37 °C and 5% CO2 for 3 h to induce cell attachment to
noncoated and COL1-, MAT-, or laminin-coated COL1
hydrogel in the channel. During the incubation, interstitial
flow generated by the pressure difference between the
mammary duct (filled with 60 µl of cell suspension) and
side channels (filled with 20 µl of culture medium)
induced attachment of HMECs on COL1 hydrogel, as
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reported in ref. 34. Nonattached cells were washed away
with cell culture medium. The medium in the channel was
refreshed daily. HMECs were cultured in the microfluidic
device for 6 days.

Fluorescence labeling of the COL1 hydrogel and
preparation of a fluorophore-conjugated COL1 coating
solution
COL1 incorporated into the device was labeled with

0.1 mg/ml Alexa Fluor 488 N-hydroxysuccinimide
(NHS) ester (Thermo Fisher Scientific) at 37 °C and 5%
CO2 for 1 h and washed three times with 1× PBS. To
visualize the COL1 coating, tetramethylrhodamine
(TRITC)-conjugated COL1 solution was prepared
according to a standard protocol35.

Computational simulation of the COL1 coating procedure
The concentration profile of the COL1 coating solution

in the precured COL1 hydrogel was simulated using

Multiphysics v.5.2 software (COMSOL, Stockholm,
Sweden). The diffusion coefficients for the COL1 solution
in water and in the precured COL1 hydrogel were
assumed to be 7.3×10−12 and 7.21×10−12 m2/s, respec-
tively. In the convective coating, the Darcy permeability in
the precured COL1 hydrogel was assumed to be
8.9×10−15 m2 (Fig. S3 and Table S1). The simulation
result presents the position of individual COL1 molecules
in the coating solution up to 40min, without considering
the curing procedure.

Imaging by transmission electron microscopy (TEM)
To prepare samples for TEM imaging, the microfluidic

devices were bonded with the PDMS membrane using a
weak oxygen plasma treatment (30 s) instead of using a
cover glass to detach the device from the bottom surface.
Samples were fixed overnight at 4 °C with 2.5% glutar-
aldehyde in 0.15M HEPES buffer. For postfixation, samples
were treated with 0.1M sodium cacodylate trihydrate-

Fig. 1 Microfluidic device for spatial modification of the ECM and construction of 3D mammary duct. a Schematic illustration of a mammary
duct composed of adipocytes, epithelial cells, interstitial matrix, and BM. b Photograph of the microfluidic device for 3D in vitro mammary
duct remodeling. c Top and cross-sectional views of the microfluidic device focused on spatially modified ECM and the mammary duct channel.
d Schematic illustration of the protocol for convective coating of the COL1 hydrogel incorporated in the microfluidic device. (i) COL1 hydrogel
incorporation in microfluidic device, (ii) Convective coating on COL1 hydrogel, (iii) Washing convective coating solutions, (iv) filling cell culture
medium
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buffered 1% OsO4 solution at room temperature for 1 h and
contrasted by treatment with 0.5M Trizma maleate-
buffered 0.5% uranyl acetate at room temperature for 1 h
in the dark. The samples were dehydrated in a graded series
of ethanol solutions (50, 70, 95, 100, and 100%) for 15min.
Samples were embedded in the device channels using an
epoxy medium kit (Sigma-Aldrich, St. Louis, MO, USA).
The device was detached from the PDMS membrane,
and the embedded sample was separated from the device
and cut into ultrathin sections on an ultramicrotome and
mounted on 200-mesh grids. The sections were contrasted
with uranyl acetate and lead citrate and observed with a
Bio-HVEM system (JEM-1000 BEF and JEM 1400 Plus) and
a JEM 1010 TE microscope (JEOL, Tokyo, Japan).

Measurement of ECM properties
COL1 nanofibers appear as dots in the TEM images. The

nanofiber diameter was measured according to the short
axis length of the dots, and the interfiber distance was
calculated as the distance between dots. The fiber number
was counted in randomly selected 30-µm2 areas of the
ECM. Measurements were collected using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence labeling and confocal imaging
The devices cultured with HMECs were fixed with 4%

paraformaldehyde at room temperature for 20 min. Cells
were permeabilized and solubilized by incubation with
0.1% Triton X-100 for 10min. The samples were blocked
with 20% Block Ace (Dainippon Seiyaku, Osaka, Japan) in
PBS for 1 h followed by washing with 1× PBS. The
microfluidic channels were filled with solutions of primary
antibody, including rabbit polyclonal anti-zonal occludens
(ZO)-1, anti-Claudin 1, anti-Claudin 5, and anti-Laminin
and mouse polyclonal anti-integrin α6 (all from Abcam,
Cambridge, UK) and rabbit polyclonal anti-E-cadherin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) anti-
bodies, and incubated for 2 h. After washing, Alexa Fluor
488-conjugated goat anti-rabbit and Alexa Fluor 568-
conjugated goat anti-mouse secondary antibodies,
rhodamine-phalloidin (Thermo Fisher Scientific), and
4′,6-diamidino-2-phenylindole (Sigma-Aldrich) were
introduced into the channels followed by incubation for 2
h. Images were acquired on a fluorescence microscope
(Axio Observer D1; Carl Zeiss, Oberkochen, Germany)
and a confocal laser scanning microscope (LSM700; Carl
Zeiss, Oberkochen, Germany).

Quantitative real-time (qRT)-PCR analysis
Total RNA was isolated from the microfluidic device

with the RNeasy Mini kit (Qiagen, Valencia, CA, USA).
The RNA concentration was measured and normalized on
a Nanodrop spectrometer (Thermo Fisher Scientific).
cDNA was synthesized from the RNA using a high-

capacity RNA-to-cDNA kit (Applied Biosystems, Foster
City, CA, USA), and qRT-PCR was performed using a
QuantiTect SYBR Green PCR kit (Qiagen) on a StepOne
Real-Time PCR system (Applied Biosystems) with the
following primer sets: laminin unit chain (LAMA)1 (for-
ward, 5′-CAGAACCAAGCAGACTACGC-3′ and
reverse, 5′-TTCCATCTCCCACCACAGTC-3′); and gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH) (for-
ward, 5′-TCCAGAACATCATCCCTGCC-3′ and reverse,
5′-GCCTGCTTCACCACCTTCTT-3′). The target gene
expression level was normalized to that of the house-
keeping gene (GAPDH), and relative gene expression was
calculated using the comparative Ct method. One sample
group (N) was collected from six devices (n= 6). Four
samples (N= 4) were collected from a total of 24 devices.

Measurement of duct permeability
A 10-μM 40-kDa fluorescein isothiocyanate (FITC)-dex-

tran solution was added to the (central) breast duct channel
followed by incubation for 3 h at 37 °C and 5% CO2. Per-
meability was calculated according to Fick’s first law:

J ¼ �D
∂C
∂x

;

Flux ¼ �PΔC;

where J is the flux, D is the diffusion coefficient, C is the
concentration, x is the position, and P is the permeability.
FITC-dextran diffusion was visualized from fluorescence
images, and the distribution was analyzed using ImageJ
software (Fig. S7).

Statistical analysis
The results are presented as the mean ± standard error.

Mean differences were evaluated with Student’s t test or
by one-way analysis of variance. P < 0.05, 0.01, and 0.001
were considered statistically significant.

Results and discussion
Physical properties of COL1 hydrogel coated with COL1
A mammary duct is a complicated 3D structure (Fig. 1a)

with 3D epithelium on the ECM (interstitial collagen and
basement membrane). The basic structure of the mam-
mary duct was mimicked by the microfluidic device, with
cultured epithelial cells on the spatially modified COL1
hydrogel (Fig. 1a–c). After crosslinking, the COL1
hydrogel forms a self-assembled matrix of COL1 nanofi-
bers that are hundreds of nanometers in diameter. Water/
medium fills the interfiber space, creating pores that are
tens of microns in size36. The COL1 hydrogel has been
widely used as a basic ECM for 3D cell culture due to
its abundance in the human body and the fact that
its mechanical properties can be easily regulated by
altering the density and pH prior to the crosslinking
step37.
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Convective or diffusive flow of the 200 µg/ml COL1
coating solution was generated into the COL1 hydrogel
(Fig. 1d and Fig. S1(b)). The additional COL1 coating
solution cannot be visualized by immunofluorescence
labeling, which was applied to differentiate MAT or
laminin on COL1 nanofibers (Fig. S5(c)). We therefore
labeled the original COL1 nanofibers with Alexa Fluor

488 NHS ester (green) after precuring of COL1 (COL1
hydrogel), while the COL1 coating solution was prepared
by conjugation of COL1 with TRITC (red) following an
established protocol35 (Fig. 2a). After gelation, the dis-
tribution of the COL1 coating solution was visible in
cross-sectional confocal microscopy images (y−z plane),
and the relative concentrations were calculated as the area

Fig. 2 Comparison of convective flow and diffusive flow coating in the microfluidic device. a Orthogonal view of labeled and spatially
modified COL1 components of COL1 nanofibers from the pre-existing COL1 hydrogel (green) and from COL1 coating solution (red). The white
dashed line indicates the starting point of spatially modified COL1 hydrogel. Scale bar, 50 µm. b Area fractional distribution relative to the
background fluorescence in confocal images upon incubation with convective coating of COL1 solution (200 µg/ml) for 40 min (n= 3). Error bars
indicate standard error. c, d Computational simulation and experimental results of COL1 concentration at various incubation times (0, 10, 20, and 40
min) after application of convective (c) and diffusive (d) coating. Simulation and experimental values are indicated on the left (collagen
concentration) and right (normalized intensity) axes, respectively. The position from the white dashed line in a was determined in the direction of the
white arrow
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of green or red color relative to the background (Fig. 2b
and Fig. S1(c)). The COL1 coating solution was spatially
modified at the peripheral sites and sparsely distributed
on the entire hydrogel, even after convective coating. The
experimental distribution of the COL1 coating solution
showed good correlation with the computational simula-
tion (Fig. 2c, d). The COL1 coating solution primarily
consists of the COL1 heterotrimer with large molecular
weight (approximately 345 kDa) and a low diffusion
coefficient in water (7.3×10−12 m/s) (Fig. 2d and
Table S1). The COL1 coating solution could not be easily
delivered through the pores among the COL1 nanofibers
by diffusion only. Convective flow of the COL1 coating
solution increased the transport of COL1 heterotrimers,
allowing them to be actively delivered into the COL1
hydrogel. However, even when delivered by convective
flow, the COL1 coating solution was also localized at
peripheral sites. A difference between the simulation and
experimental results (Fig. 2c in 40min) was also noted,
mainly because of partial curing of COL1 heterotrimers
on existing COL1 nanofibers during the coating process,
which could not be considered in the simulation (Fig. 2c
and Fig. S1(b-ii)). Therefore, COL1-coated nanofibers
formed by even convective flow were observed at the
periphery of the COL1 hydrogel beneath the mammary
duct channel (Fig. S2). The thickness of the COL1-coated
area increased with incubation time.
In the TEM images, peripheral sites of the COL1

hydrogel incorporated in the microfluidic device were
located in the region near the mammary duct channel,
and the central sites were located in the region at the
center of the COL1 hydrogel (Fig. 3a). COL1-coated
nanofibers showed an increased diameter from 0.09 to
0.21 µm and a decreased interfiber space from 1.32 to
0.33 µm at the peripheral sites. Interestingly, neither the
diameter nor the interfiber space was altered at the central
sites, and both had values similar to those of the non-
coated nanofibers. The COL1 coating increased the dia-
meter and number of COL1 nanofibers at the peripheral
sites of the hydrogel, which meant that the COL1 het-
erotrimers coated the existing COL1 nanofibers and
formed new nanofibers at the same time (Fig. 3b–d).
When HMECS were cultured on the COL1-coated COL1
hydrogel, new nanofibers were added beneath the HMECs
with a slightly decreased interfiber distance. This result
suggests that HMECs remodel the neighboring ECM by
forming new ECM nanofibers (Fig. 3b–d).

Mammary ducts on various ECM hydrogels
The ECM properties at the peripheral sites were

analyzed under various ECM and ECM coating condi-
tions (Fig. 3e–g and Fig. S4). Under COL1 hydrogel
conditions (noncoated as control, high-density, and stiff
COL1), the nanofiber diameter slightly decreased for

high-stiffness COL1, which enhanced the stiffness of the
COL1 hydrogel (a higher pH, i.e., pH 11, of the
COL1 solution before gelation induced the formation of
COL1 nanofibers with a smaller diameter and increased
stiffness)37. The nanofiber diameter of the high-density
COL1 hydrogel was almost same as that of the non-
coated COL1 hydrogel. However, the interfiber space
decreased with an increasing number of nanofibers.
When the COL1 hydrogel was coated with the COL1
coating solution, the number of nanofibers increased,
and the interfiber space decreased with COL1 coating
concentration. The COL1 coating also increased the
diameter of the COL1 nanofibers, demonstrating that
the COL1 coating generated new nanofibers and thick-
ened the existing nanofibers at the same time. MAT
coating also generated new nanofibers in the COL1
hydrogel but without increasing the average diameter of
the COL1 nanofibers. The coating efficiency of the MAT
coating solution could be considered lower than that of
the COL1 coating solution.
When HMECs were cultured under various ECM

and ECM coating conditions, HMECs formed an
epithelial layer with tight cell−cell junctions. The fol-
lowing is a summary of the ECM and coating
conditions: noncoated normal COL1 hydrogel (as con-
trol, 2 mg/ml, pH 7.4), noncoated high-density COL1
hydrogel (4 mg/ml, pH 7.4), noncoated stiff COL1
hydrogel (2 mg/ml, pH 11) and MAT-coated, laminin
(LN)-coated, and COL1-coated normal COL1 hydrogel
(2 mg/ml, pH 7.4) (Fig. 4a).
As depicted, sprouting was reduced in HMECs cultured

on high-density and stiff COL1 hydrogels. However,
HMEC spouting was not blocked by rBM formed by MAT
or LN coating. This result was far from expected because
laminin and COL4 are major components of the mam-
mary duct BM. Interestingly, HMECs showed decreased
sprouting when COL1 was coated on the COL1 nanofi-
bers (Fig. 4b). The concentration of COL1 coating solu-
tion also influenced the suppression of HMEC sprouting
(Fig. S5(a) & (b)). In the optimized COL1 coating proto-
col, HMEC sprouting was fully stabilized to form a con-
fluent and tight mammary duct. HMECs seeded on the
laminin-free COL1 hydrogel secreted laminin with a
thickness and distribution that were similar to those of the
optimal rBM formed by MAT coating (Fig. S5(c)). The
COL1 coating on COL1 nanofibers appears to assist
HMECs in remodeling of COL1 by secreting BM com-
ponents. Laminin and integrin expression were visualized
by immunofluorescence labeling. Compared with various
ECM and coating conditions, laminin was continuously
expressed in the COL1-coated COL1 hydrogel with
HMECs. Laminin binds integrin on epithelial cells, thus
altering cell polarity and enhancing epithelial function38.
We confirmed that integrin was localized at the sites of
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Fig. 3 Physical properties of collagen fiber under various ECM conditions. a Transmission electron micrographs of cross-sections of spatially
modified COL1 hydrogel with or without HMECs at a peripheral site (PS) and central site (CS) in COL1-coated COL1 hydrogel. White dashed line
indicates the interface between the COL1-coated COL1 hydrogel and mammary duct channel, and black dashed boxes indicate ×4 magnification
position. Scale bars, 2 and 0.5 µm, respectively. b–d Collagen fiber properties (fiber diameter, interfiber distance, and fiber number per 30 μm2 area for
noncoated (NC), COL1-coated, and COL1-coated with HMECs; n= 3). Error bars indicate standard error. Nanofibers were analyzed at peripheral and
central sites. e–g Collagen fiber properties at peripheral site (fiber diameter, interfiber distance, and fiber number per 30 μm2 area under various ECM
and ECM coating conditions; n= 3). HD indicates high-density and MAT-c indicates MAT-coated
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Fig. 4 Mammary epithelial cell morphology and basement membrane localization under various ECM hydrogel. a Phase-contrast
micrographs of HMEC morphology under various COL1 hydrogel conditions with LN, MAT, and COL1 coating. Scale bar, 100 µm. b Sprouting
distance of HMECs into COL1 hydrogel of noncoated normal (as control, 2 mg/ml, pH 7.4), high-density (4 mg/ml, pH 7.4) and stiff (2 mg/ml, pH 11)
COL1 hydrogel and various coating conditions on normal COL1 hydrogel (2 mg/ml, pH 7.4) (n= 8). Error bars indicate standard error, and sprouting
distance was normalized to the value under noncoated normal COL1 conditions (***P < 0.001, n= 8). c Immunofluorescence detection of laminin
and α6-integrin distribution under various ECM conditions. White arrow indicates discontinuous locations of laminin and α6-integrin. Scale bar,
100 µm. d LAMA1 mRNA expression levels under various ECM conditions. Error bars indicate standard error. Data were evaluated by one-way analysis
of variance followed by Tukey’s post hoc multiple comparisons test (**P < 0.01, N= 4 (n= 24)). HD indicates high-density, and LN-c, MAT-c, and CO1-
c indicate LN-, MAT-, and COL1-coated, respectively
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Fig. 5 Lumen structure of 3D mammary epithelium. a Confocal micrographs of HMECs on COL1-coated (200 µg/ml) COL1 hydrogel (under optimized
coating condition). HMEC were tightly clustered in the microfluidic device. Scale bar, 50 μm. b Horizontal sectional views (at z= 30 µm) of stable mammary
duct formed on the spatially modified COL1 hydrogel under optimized coating condition. Scale bar, 50 µm. c Five sequential cross-sectional views (i ~ v from
fig. 5a) of the lumen structure. HMECs were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue) and F-actin (yellow). Scale bar, 20 µm

Fig. 6 Apical-basolateral polarity of reconstructed mammary duct. Expression of apical polarity markers (tight junction proteins Claudin-1 and -5
and ZO-1), lateral polarity marker (adhesion junction protein E-cadherin), and basal polarity marker (α6-integrin) was confirmed in horizontal views at
z= 46 µm. For front views, apical and lateral portions were visualized from the mammary duct channel, and the basal portion was visualized from
COL1 hydrogel. Scale bar, 50 µm
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laminin expression in the COL1-coated COL1 hydrogel
with HMECs (Fig. 4c). HMECs were reported to secrete
more laminin when cultured on ECM with a high den-
sity15. We found that the spatially modified COL1
hydrogel with COL1 coating solution suppressed new

sprouting and promoted HMECs to secrete laminin and
remodel COL1 by formation of stable BM. This obser-
vation was confirmed by the high mRNA expression level
of LAMA1 on the COL1-coated COL1 hydrogel (Fig. 4d).
Since human laminin subunit alpha 1, one of the laminin

Fig. 7 Permeability of 3D mammary epithelium under various ECM. a Schematic illustration of mammary duct permeability measurement (left).
FITC-dextran (10 μM) in cell culture medium was introduced into the mammary duct channel (center), and the fluorescence intensity was monitored
3 h later (right). Inset shows FITC intensity profile from the mammary duct channel into the COL1 hydrogel (white arrow). Scale bar, 200 µm.
b Comparison of blockage/leakage ratio (left) and relative permeability value (right) under various coating conditions. White and black bars indicate
leakage and blockage ratios, respectively. Relative permeability values (means ± standard errors) are compared with those under optimal conditions
(COL1-coated (200 µg/ml) COL1 hydrogel) (**P < 0.01 and ***P < 0.001, n= 29). HD indicates high density, and LN-c, MAT-c, and CO1-c indicate LN-,
MAT-, and COL1-coated, respectively
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chain components, is encoded by LAMA1 gene, secretion
of laminin from the cells was indicated by LAMA1
expression.

Structure and function of reconstructed mammary duct
The 3D lumen-like epithelial structure formed by

HMECs grown on spatially modified COL1 was visualized
in sequential cross-sectional images acquired on a con-
focal microscope (Fig. 5a–c). HMECs grown on a COL1-
coated COL1 hydrogel formed tight connections without
leakage, while HMECs grown on noncoated, MAT- or
LN-coated COL1 hydrogel were loosely connected
(Fig. S6). The apical polarity of the formed epithelium was
evaluated based on expression of the tight junction pro-
teins Claudin-1 and -5 and ZO-1, while lateral and basal
polarity were verified by immunofluorescence analysis of
E-cadherin (adhesive junction protein) and α6-integrin
(ECM−epithelial cell interaction protein) expression
(Fig. 6). The mammary duct was confirmed to be 3D and
lumen-like, and the apical-basolateral polarity allowed
directional transport of molecules passing through the
epithelium.
Milk produced from the mammary gland flows to the

nipple through the mammary duct. Milk leakage through
the epithelium to the breast tissue can serve as a measure
of the barrier function of the mammary duct. Permeability
was measured using 10 µM (40 kDa) FITC-dextran to
mimic β-casein, a component of human milk. The change
in fluorescence intensity was monitored immediately and
3 h after FITC-dextran solution filling, and the perme-
ability was calculated according to Fick’s first law34

(Fig. 7a). The blockage and leakage ratios were deter-
mined based on the rapid decrease in fluorescence
intensity near the HMEC epithelium (Fig. S7). The
blockage ratio indicates the probability of nonleaked
mammary duct formation and is calculated with the fol-
lowing equation: blockage ratio= blocked cases/total
cases. The permeability value was calculated from cases of
blockage only. The mammary duct formed on the COL1-
coated COL1 hydrogel had the highest blockage ratio
(86%) and the lowest permeability value (3.49×10−8 m/s)
(Fig. 7b), with an optimal concentration of 200 µg/ml
COL1 coating solution (COL_200, Fig. S8). Interestingly,
rBM formed by MAT coating did not enhance the per-
meability of the HMEC epithelium, with a value that was
3.5 times higher than that of the COL1 coating condition,
despite the significant enhancement in permeability of the
endothelial monolayer34. An increased concentration of
MAT coating solution slightly increased the blockage
ratio of the HMEC epithelium (Fig. S8), but we concluded
that rBM did not enhance the permeability of the epi-
thelium of the mammary duct.
As expected in the hypothesis, the physical attributes of

the COL1 nanofiber were presumed to directly affect

laminin secretion and mammary epithelium stability. On
the optimally modified COL1 hydrogel with COL1 coat-
ing solution, HMECs chemically remodeled the neigh-
boring ECM nanofibers by secreting BM components and
forming new ECM nanofibers, creating a clear BM layer
and a stable and confluent epithelium.

Conclusion
In this study, we developed a novel method for con-

structing a spatially modified ECM, the properties of
which can be controlled in a 3D microfluidic device.
Using this method, the interaction between the ECM and
cells can be evaluated from the standpoint of matrix
properties. In the case of mammary epithelium, regulation
of the physical properties of COL1 nanofibers influenced
the cellular characteristics of the epithelium to a greater
extent than other coatings with BM components (MAT or
LN). Mammary epithelial cells secreted more LN on
COL1-coated COL1 nanofibers than on COL1 coated
with BM components and formed a clearer BM layer. The
cells subsequently formed a morphologically and func-
tionally more stable mammary duct. We failed to char-
acterize the rheological properties of the spatially
modified COL1 hydrogel due to the closed nature of the
microfluidic platform. In future work, hydrogel-
embedded fluorescent beads39 and optical magnetic
twisting cytometry40 could be good candidates for inves-
tigating the distribution of the mechanical properties of
the spatially modified COL1 hydrogel. We successfully
constructed a physiologically relevant in vitro 3D mam-
mary duct model that exhibited morphogenesis, apical-
basolateral polarity, barrier function, and a self-generated
BM in microfluidic assay format. The model can be used
to study ductal carcinoma in situ, responses to drug
treatment, and interactions between the mammary duct
and stromal cells (adipocytes and fibroblasts) or blood
vessels.
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