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ABSTRACT: Microfluidic organs-on-chips aim to realize more
biorelevant in vitro experiments compared to traditional two-
dimensional (2D) static cell culture. Often such devices are
fabricated via poly(dimethylsiloxane) (PDMS) soft lithography,
which offers benefits (e.g., high feature resolution) along with
drawbacks (e.g., prototyping time/costs). Here, we report
benchtop fabrication of multilayer, PDMS-free, thermoplastic
organs-on-chips via laser cut and assembly with double-sided
adhesives that overcome some limitations of traditional PDMS
lithography. Cut and assembled chips are economical to prototype
($2 per chip), can be fabricated in parallel within hours, and are
Luer compatible. Biocompatibility was demonstrated with epithelial line Caco-2 cells and primary human small intestinal organoids.
Comparable to control static Transwell cultures, Caco-2 and organoids cultured on chips formed confluent monolayers expressing
tight junctions with low permeability. Caco-2 cells-on-chip differentiated ∼4 times faster, including increased mucus, compared to
controls. To demonstrate the robustness of cut and assemble, we fabricated a dual membrane, trilayer chip integrating 2D and 3D
compartments with accessible apical and basolateral flow chambers. As proof of concept, we cocultured a human, differentiated
monolayer and intact 3D organoids within multilayered contacting compartments. The epithelium exhibited 3D tissue structure and
organoids expanded close to the adjacent monolayer, retaining proliferative stem cells over 10 days. Taken together, cut and
assemble offers the capability to rapidly and economically manufacture microfluidic devices, thereby presenting a compelling
fabrication technique for developing organs-on-chips of various geometries to study multicellular tissues.

KEYWORDS: gut chip, organ-on-chip, fabrication, economical, thermoplastic, adhesive, intestinal organoid, primary epithelium,
patient-derived cells

■ INTRODUCTION

Two-dimensional (2D) tissue culture originated one century
ago1 and remains invaluable for studying biology and
developing therapeutics. Nevertheless, 2D cultures inaccurately
represent native tissues. In vivo, continuous nutrient supply
and waste product removal occurs via luminal flow of the
circulatory and lymphatic systems, which maintain a
homeostatic steady state.2 Native cells experience physical
cues such as fluid shear forces3,4 or multilateral mechanical
stretching4 and chemical cues from heterogeneous tissue−
tissue interfaces.5,6 Microfluidic organs-on-chips are cell
culture models that recapitulate heterogeneous tissue−tissue
interfaces and integrate continuous media perfusion to
maintain biochemical homeostasis and flow-induced shear
stress.7,8

The predominant embodiment of organs-on-chip, or
microphysiological systems, is a bilayer design featuring two
channels interfaced by a porous membrane9−20 or hydro-
gel.21,22 Culturing different cell types on opposing membrane
surfaces or in adjacent channels mimics heterogeneous tissue−
tissue interfaces. The bilayer chip has been used to model the
blood−brain barrier,17 the hematopoietic stem cell niche,16 the

gut microbiome−epithelial−immune interface,12,15 the lung
alveolar−capillary interface,10 and the placental barrier.14

Future organs-on-chips integrating patient-derived cells may
enable personalized medicine.13 Interconnecting multiple
organs-on-chips via an artificial circulatory system, termed
body-on-a-chip, may permit in vitro pharmacokinetics.23−26

Despite these advances, organs-on-chips have been concen-
trated among bioengineering research groups and have yet to
transition to mass clinical or diagnostic applications. Chip
automation and parallelization remains challenging, and
complex, multilayered (>2 layers) chips are limited.
Facile, rapid, economic, and reliable organ-on-chip fabrica-

tion would promote interdisciplinary adoption and techno-
logical development. Organs-on-chips are most frequently
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fabricated via poly(dimethylsiloxane) (PDMS) soft lithogra-
phy.10,12,27−29 The many advantages of PDMS organs-on-chips
include high feature resolution, biocompatibility, optical
transparency, and gas permeability enabling culture oxygen-
ation and pH control in standard CO2 incubators.30 But,
PDMS organs-on-chips have several drawbacks. PDMS’s gas
permeability30 prohibits O2 tension control, which while
notably beneficial in some applications, is necessary for
recapitulation of hypoxic tissue conditions, as seen in the
small intestinal lumen.31 PDMS gas permeability can be
harnessed by hypoxic incubators,32 surface treatments, cellular
metabolism, and controlled permeability of tubing and
equpiment.20,33 PDMS’s water vapor permeability30 results in
evaporation induced bubble formation, which can block flow
and impact cell fate and viability.34 PDMS can absorb
hydrophobic or small molecules,30 complicating drug pharma-
cokinetic studies. Drug loss in PDMS devices and mixing can
be minimized by varying drug properties such as charge or
molecular weight, design parameters, and flow conditions,
however biological constraints may impact parameters as
well.33,35 While PDMS easily bonds to both itself and glass via
plasma activation, bonding to polymers requires additional
processing such as silanization.36 PDMS soft lithography
requires significant microfabrication training and capital
infrastructure.9 Moreover, initial prototyping may require
multiple iterations, and lithographic mold fabrication can be
prohibitively expensive ($150−500 per design from third party
manufacturers).
Other investigators have 3D printed microfluidic cell culture

models,37,38 but these single channel devices do not integrate
membranes for recapitulating tissue−tissue interfaces. Re-
cently, advances from the Ingber team have utilized 3D
printing of molds for fabricating scalable PDMS bilayer organ
chips, circumventing many of the aforementioned limitations
in cost of capital equipment of traditional soft lithography.39

Rapid and economic microfluidic devices were fabricated with
laser or razor cut thermoplastic or adhesive sheets, though
these were typically analytical microdevices,40−42 and not cell
culture platforms. A recent work comparing adhesive tape
based cell culture platforms against traditional 96-well plates
and analogous PDMS platforms found that tape based
platforms compared favorably in regards to cell viability and
morphology across three different human breast cancer cell
lines.43 This study highlighted additional benefits of tape-based
cell culture platforms such as economical fabrication, high
throughput, and facile bonding of disparate materials such as
polystyrene and glass. However, cell culture experiments were
limited to 24 h and immortalized human cell lines and
performed on 2D substrates, either glass or polystyrene.43

Therefore, in this study, we aimed to fabricate multilayered,
membrane integrated organs-on-chips for long-term primary
cell culture with tailorable geometries without traditional
PDMS soft lithography.
A single-layer epithelium lines the intestinal wall and forms

the rate-limiting barrier to drug absorption.44 Therefore, oral
drug absorption in humans can be approximated using an in
vitro differentiated, intestinal epithelium.45 The human colon
carcinoma Caco-2 cell line cultured on static permeable
supports differentiates into a monolayer with some features of
the native small intestine.46 Organ-on-chip technology was
used to develop Caco-2 models with greater fidelity to human
intestinal structure and function.11,12,28,47 Nevertheless, the
immortalized Caco-2 cell line has limited genetic similarity to

human intestinal epithelium. Recent advances in intestinal
biology have enabled primary human cultures containing
intestinal stem cells (self-renewal), Paneth cells (antimicrobial
peptide secretion), goblet cells (mucus production), enter-
oendocrine cells (hormone production), and enterocytes
(absorption) via organoid technology.48,49 Primary, three-
dimensional (3D) organoids are established from biopsy- or
resection-derived intestinal stem cells embedded in Matrigel.48

While intestinal organoids are genetically and phenotypically
more closely related to the native epithelium, organoids form
closed lumens that complicate intestinal transport studies. To
enable luminal access, researchers cultured primary intestinal
monolayers on static permeable supports,50−52 but these
models failed to emulate the native 3D tissue structure.
More recently, primary intestinal monolayers exhibiting crypt-
villus like tissue organization were formed on microengineered
scaffolds53 and organs-on-chips.13,54 Thus, in this study, we too
aimed to integrate primary intestinal monolayers and organo-
ids on organ chips.
Here, we describe a “cut and assemble” process for

manufacturing thermoplastic organs-on-chips. Most impor-
tantly, our technique produced multilayer devices with
integrated polymeric membranes and Luer fluidic interfaces
faster than soft lithography (hours versus days) at minimal cost
(∼$2 per device) without specialized bonding. The resulting
biocompatible, thermoplastic chips are water vapor and gas
impermeable, thereby eliminating evaporation-induced bubble
formation while potentially enabling O2 tension control. Use of
thermoplastics over PDMS in microphysiological systems has
also been demonstrated to both adsorb or absorb less
hydrophobic molecules.55 The cut and assemble manufactur-
ing technique was validated by reengineering a recently
described gut-on-a-chip12,28 using Caco-2 cells and primary
human intestinal organoids. Caco-2 cells and primary organo-
ids cultured in a bilayer chip formed confluent monolayers
expressing tight junctions and low permeability comparable to
static Transwell controls. Furthermore, Caco-2 cultures on-
chip differentiated 4 times faster toward the enterocyte
phenotype as compared to controls and produced mucus,
corroborating previously published results.56 We integrated
primary intestinal monolayers and 3D intact organoids in a
dual membrane, trilayer organ chip. Monolayers exhibited 3D
tissue structure spanning 102 μm in height, and organoids
formed typical cystic structures in close proximity to
monolayers, potentially enabling paracrine signaling. The
rapid, benchtop, fabrication process presented here has great
potential to enable microphysiological modeling of multi-
cellular tissues, 3D cell culture, and the study of paracrine
signaling. Although the presented experiments integrate
existing technologies such as primary organoid culture,
membrane-integrated organs-on-chips, and microfluidic device
fabrication via adhesive films, they represent a scientific work
that enables wider adoption of organs-on-chips and drives
technological development.

■ EXPERIMENTAL SECTION
Chip Design and Fabrication. In contrast to practically all

previous iterations of gut-on-a-chip, the bilayer chip discussed herein
was fabricated without lithography. The rapid cut and assemble
manufacturing process required only a laser cutter/engraver, double-
sided adhesive tape, and sheets of poly(methyl methacrylate)
(PMMA) and polyester (PET). First, all chip layers were
simultaneously designed using CAD software (SOLIDWORKS,
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Waltham, MA). Then, a laser cutter (Epilog Zing 16, Epilog Laser,
Golden, CO) was used to transfer the CAD design to the various
materials. The 3/16″ PMMA upper layer (McMaster-Carr, Robbins-
ville, NJ) featured four circular through holes, which served as fluidic
inlets and outlets for both the upper and bottom fluidic layers. The
second layer was comprised of a 0.003″ polyester or a 1/16″ PMMA
sheet (McMaster-Carr, Robinsville, NJ), which was sandwiched
between 50-μm-thick double-sided adhesive tape (966 adhesive, 3M,
Maplewood, Minnesota). This 1-mm-wide channel served as the
upper fluidic channel used for cell culture. The circular inlets and
outlets matched the diameter of the through-holes in the uppermost
3/16″ PMMA sheet. The third layer, a polycarbonate (PC), track
etched membrane with 1.0 μm diameter pores (cat no. 7091−4710,
GE Healthcare, Marlborough, MA), featured two circular through-
holes with identical diameters as the previous layers. The membrane
through-holes enabled fluidic access to the bottom fluidic channel.
The fourth layer was comprised of a 0.003″ polyester sheet
sandwiched between 50 μm double-sided adhesive tape. The fifth
and final layer was a no. 1 glass coverslip. During laser cutting, the
protective paper lining on both the PMMA sheets and the double-
sided adhesives minimized exposing the materials to burn products.
Post laser cutting, 10−32 UNF threads were hand tapped in each of
the circular through-holes on the top PMMA sheet. Next, the
protective paper lining on both upper and lower PMMA sheets was
removed, and the plastics were serial cleaned by rinsing with
deionized water, Contrad 70 detergent (Fisher), deionized water, and
isopropyl alcohol and then dried with compressed nitrogen. The laser
cut layers were then assembled layer by layer using a custom jig to
facilitate hole and channel alignment. The two layers of double-sided
adhesive tape served as the apical and basal fluidic channels and
simultaneously bonded the entire chip (Figure 1a−c). Post assembly,
the devices were stored under a vacuum at 37 °C overnight in order
to eliminate outgassing-induced bubble formation. Threaded,
polypropylene, male Luer lock fittings (cat no. EW-45518-84, Cole-
Parmer, Vernon Hills, IL) were connected to the chip via the threaded
inlets and outlets. Barbed PC connectors with female Luer lock
connections (cat no. 11733, Qosina, Ronkonkoma, NY) were
connected to the chip. Tubing (cat no. SC-95802-01, silicone, ID
1/32″, OD 3/32″, Cole-Parmer, Vernon Hills, IL) was fitted over the
barbed ends to perfuse culture medium through the device.
The bilayer chip was modified for use with organoid derived

primary human intestinal epithelial cells to enable seeding at a lower
cell concentration while enabling confluent monolayer formation
postseeding. The top fluidic channel was replaced with a 1/16″
PMMA sheet sandwiched between 50-μm-thick double-sided
adhesive tape (966 adhesive, 3M, Maplewood, Minnesota) for a
final channel height of 1.6876 mm. Furthermore, the top 3/16″
PMMA cover was not bonded until the day of use, at which point the
PC membrane was treated with oxygen plasma (50 W, 30 s, March
PX-250 Plasma System).

A dual-membrane trilayer chip was designed and fabricated for
coculture of 2D primary monolayers and 3D organoids (Figure 6a−
c). Two additional components were added to the bilayer
architecture: (1) a 1/16″ PMMA sandwiched between two pieces
of 50-μm-thick double-sided adhesive tape as with the 3D gel channel
and (2) a PC, track-etched membrane with 30.0 μm diameter pores
(cat no. PCT30047100, Sterlitech, Kent, WA).

Bond Strength of Chip Layers. To assess bond strength of 3 M
966 adhesive-bonded layers of thermoplastics, a single-lap shear test
was carried out. Bonded materials were loaded to failure at a strain
rate of 3 mm/min on a universal load frame (TA Instruments
ElectroForce 3200). Thermoplastics were laser cut and bonded
overnight under vacuum conditions and at a temperature of 37 °C in
a vacuum oven (Isotemp Model 282A) assisted with pressure using
binder clips (Staples 10669). Prior to bonding, membrane layers were
plasma treated (Harrick Plasma PDC-001) for 1 min to recapitulate a
typical fabrication process. The bonding area was fixed to a 1 cm2

square for all samples. Lap-shear strength stress (τ) was found as the
ultimate load over the cross-sectional area of the adhered joint.
Investigations compared the bond strength of adhesives between all
relevant materials. Each material combination was tested in triplicate.

Caco-2 Cell Culture. Caco-2 epithelial cells were obtained from
the American Type Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM, cat no. 11995-065,
ThermoFisher) supplemented with 10% fetal bovine serum (FBS, cat
no. 35-011-CV, Corning) and 100 U/mL penicillin−streptomycin
(cat no. 15140122, ThermoFisher). Cells were cultured in a 37 °C,
5% CO2 incubator. All experiments were done with Caco-2 cells
between passage numbers 40 and 50.

After fabrication, the bilayer chip was sterilized via UV irradiation
(300 mJ/cm2) of the top and bottom chip surfaces (Spectrolinker XL-
1000, Spectronics Corporation, Westbury, NY). All tubing and fittings
were preassembled and sterilized via autoclave. Both apical and basal
fluidic channels were coated with a 400 μg/mL solution of rat tail type
I collagen (cat no. 354249, Corning, Corning, NY) in DMEM for at
least 1 h at 37 °C inside a humidified cell culture incubator with 5%
CO2. The device and tubing were then flushed with Caco-2 culture
medium via a sterile, plastic syringe. Caco-2 cells were harvested from
a sub-confluent T75 flask via 0.25% Trypsin-EDTA (cat no.
25200056, ThermoFisher) and incubation at 37 °C. After cell
detachment, the Trypsin-EDTA was diluted with an equal volume of
cell culture media and centrifuged at 300g for 5 min at room
temperature. The cells were suspended in a cell culture medium at 5
× 106 cells/mL. The outlet to the bottom fluidic channel was
clamped, and the harvested cells were infused into the top fluidic
channel via a sterile 1 mL syringe. The chips were placed in a 37 °C,
5% CO2 cell culture incubator for 1−2 h for cell attachment. Post-
attachment, culture medium was perfused through the apical channel
via a syringe pump (Ph.D. 2000, Harvard Apparatus, Holliston, MA)
at a rate of 0.84 uL/min. The next day, culture medium was perfused
through both the apical and basal channels at a rate of 0.84 μL/min.

Figure 1. Laser cut and assembled membrane integrated bilayered organ chip. (a) A schematic showing the integration of nine discrete layers to
form a bilayered organ chip. (b) A schematic of an assembly cutaway view of the bilayered organ chip showing the inner apical and basal
microchannels. (c) A photograph of the bilayered organ chip composed of clear PMMA, acrylic adhesive, polycarbonate track etched membrane,
and glass coverslip. (d) Five layers are aligned and irreversibly bonded in four steps to form the apical and basal channels separated by a
polycarbonate track etched membrane with a pore diameter of 1.0 μm. (e) Shear strength of bonded layers from a single-lap shear test indicate
mechanical integrity to prevent burst or leaking (horizontal bar = mean, error bars = S.D.).
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As controls, Caco-2 cells were cultured on 0.4 μm polyester (cat
no. 353095, Corning, Corning, NY) Transwell inserts in a 24 well
plate. Prior to cell seeding, the insets were coated with 200 μL of the
collagen solution for at least 1 h at 37 °C inside a humidified cell
culture incubator with 5% CO2. Caco-2 cells were seeded on the
insets by adding 200 μL of Caco-2 cell suspension (seeding density of
2.6 × 105 cells/cm2) and then adding 600 μL of media to the
basolateral compartment. The apical and basal cell culture medium
was refreshed every other day.
Organoid Culture of Biopsy Derived Intestinal Stem Cells.

Deidentified endoscopic tissue biopsies were collected from grossly
unaffected (macroscopically normal) areas of the duodenum in
children undergoing endoscopy for gastrointestinal complaints.
Informed consent and developmentally appropriate assent were
obtained at Boston Children’s Hospital from the donors’ guardian
and the donor, respectively. All methods were approved and carried
out in accordance with the Institutional Review Board of Boston
Children’s Hospital (protocol number IRB-P00000529). Cells were
cultured as 3D organoids embedded in 50 μL of Matrigel (cat no.
354230, Corning) on a 24-well plate as previously described.57

Expansion medium (EM) for expanding intestinal organoids was
prepared from a mixture of Advanced DMEM/F12 medium (cat no.
12634028, Gibco) and 50% L-WRN conditioned medium, which was
prepared from L-WRN cells, as previously described.58 This cell line
produces Wnt-3A, R-spondin 3, and noggin. EM was supplemented
with GlutaMAX (1×, cat no. 35050061, Gibco), HEPES (10 mM, cat
no. 15630080, Gibco), Primocin (0.1 mg/mL, Invivogen), B-27
supplement (0.5×, cat no. 12587010, Gibco), N-2 supplement (0.5×,
cat no. 17502048, Gibco), nicotinamide (10 mM, cat no. N0636,
Sigma-Aldrich), N-acetyl cysteine (0.5 mM, cat no. A7250, Sigma-
Aldrich), epidermal growth factor (50 ng/mL, cat no. 315-09,
Peprotech), gastrin (50 nM, cat no. A7250, Sigma-Aldrich), A-83-01
(500 nM, cat no. SML0788, Sigma), prostaglandin E2 (10 nM, cat no.
14010, Cayman Chemical), and SB202190 (10 μM, cat no. S7067,
Sigma-Aldrich). Y-27632 ROCK inhibitor (10 μM, cat no. Y0503,
Sigma-Aldrich) was added to the organoid medium for the first 48 h
following cell isolation or passage. The culture medium was refreshed
every 48 h using 500 μL per well. Cell culture was performed in a
humidified, 37 °C, 5% CO2 incubator.
Every 7−10 days, the organoids were passaged to new 24-well

plates at a ratio of 1:4−1:8 depending on culture density. Matrigel
droplets were scratched off the 24-well plate using a 1000 μL pipet tip
and collected into a 15 mL conical tube. The organoids were
centrifuged at 500g for 5 min at room temperature. After aspirating
the cell culture medium, the organoids were resuspended in 0.5 mM
ethylenediaminetetraacetic acid (EDTA, cat no. AM9260G, Gibco) in
1× PBS and recentrifuged at 300g for 5 min at room temperature.
After aspirating the EDTA, the organoids were resuspended in
Trypsin-EDTA and incubated in a 37 °C bath for 2 min. The Trypsin-
EDTA was then quenched via a 2:1 dilution with Caco-2 culture
medium containing 10% FBS and the organoid suspension was
triturated ∼10× using a 1000 μL pipet tip to produce single cells and
small organoid fragments. The cells were pelleted at 300g for 5 min at
room temperature. The cells were suspended in 4 °C Matrigel and
replated on new 24-well plates. The plated Matrigel was incubated at
37 °C for 15 min before adding 500 μL of culture medium containing
10 μM ROCK inhibitor.
Monolayer Culture of Primary Human Intestinal Epithelial

Cells. Polyester Transwell inserts in a 24-well plate were coated with
200 μL of collagen solution for at least 1 h at 37 °C inside a
humidified cell culture incubator with 5% CO2. Organoids were
harvested for dissociation and monolayer seeding after 7−10 days of
culture. Matrigel droplets were harvested and processed in Trypsin-
EDTA as described above. The Trypsin-EDTA was then quenched via
a 2:1 dilution with Caco-2 culture medium containing 10% FBS, and
the organoid suspension was triturated ∼20× using a 1000 μL pipet
tip to produce single cells and small organoid fragments. The cell
suspension was filtered through a 40 μm cell strainer (cat no. 22-363-
547, Fisher) into a 50 mL conical tube and pelleted at 300g for 5 min
at room temperature. The cells were resuspended in EM with 10 μM

ROCK inhibitor. Transwell inserts were seeded using 200 μL of cell
suspension (seeding density of 9.09 × 105 viable cells/cm2), and then
600 μL of media plus 10 μM ROCK inhibitor were added to the
basolateral compartment. ROCK inhibitor was used for the first 48 h
of cell culture, and the apical and basal cell culture medium was
refreshed every other day. Following 2 days of culture in EM, the
apical and basal media were replaced with differentiation medium
(DM) containing Advanced DMEM/F12 + 20% FBS + 4 mM
GlutaMAX supplement + 100 U/mL Penicillin-Streptomycin. Apical
and basal DM media were replenished every 48 h.

For seeding primary human intestinal epithelial cells on bilayer
chips, the cells were harvested as described above and suspended at a
concentration of 10 × 106 cells/mL. Cell viability was assessed via
trypan blue exclusion by incubating cells with an equal volume of
0.4% Trypan Blue Solution (15250061, ThermoFisher). The organoid
dissociation method was quantified by imaging the processed cell
suspension with a brightfield microscope and counting the total
amount of single cells, cell doublets, cell triplets, and larger aggregates.
Prior to seeding, the bilayer chip was treated with O2 plasma (50 W,
30s, pure O2, March PX-250 Plasma System), and the 3/16″ acrylic
cover was bonded. Note that primary cell adhesion required a plasma
treated membrane, whereas Caco-2 cells adhered without plasma
treatment. The chip was sterilized via UV irradiation as previously
described. The chip was coated with collagen solution for 2 h after
which the collagen was flushed with EM medium containing 10 μM
ROCK inhibitor. The cell suspension was perfused through the apical
channel, and the chips were maintained under static conditions in a
37 °C humidified cell culture incubator with 5% CO2 for 5−6 h to
enable cell attachment. Then, the apical medium was perfused at 1.48
μL/min with EM medium for 3 days before changing to DM medium
for 2 additional days. The basal medium was manually refreshed every
24 h, with EM and DM media, as above.

Alkaline Phosphatase Measurement. Alkaline phosphatase
(AP) expression was measured using a commercial kit (AS-71109,
AnaSpec, Fremont, CA). All kit components were prepared as
specified by the manufacturer. Cell lysate from Transwell inserts was
prepared as follows: the medium was removed, and the insets were
washed two times with sterile PBS in both apical and basal
compartments. Next, 200 μL of sterile 10× TrypLE Select
(A1217701, ThermoFisher) was added to the apical side of each
insert prior to incubation at 37 °C for ∼15 min. Cells were collected
into a sterile centrifuge tube, and inserts were washed with 800 μL of
sterile PBS and pelleted at 300g for 5 min at room temperature. The
pellet was resuspended in 150 μL of AP kit supplied buffer, washed,
and resuspended in 150 μL of buffer. A 10 μL aliquot of cell
suspension was removed to quantify the cell number via
hemocytometer. The cells were centrifuged and suspended in 0.2%
Triton X-100 (AC327371000, Fisher Scientific). The cells were
incubated for 10 min at 4 °C with agitation and then centrifuged at
2500g for 10 min at 4 °C. The supernatant was used for the AP assay.
A total of 50 μL of the supernatant was moved to a well of a black,
polystyrene, 96-well plate (12−566−620, Fisher Scientific). Then, 50
μL of the reaction mixture was added to each well, and the plate was
manually mixed for 30 s. Following a 30 min incubation at 37 °C, 50
μL of stop solution was added to each well. The plate was manually
mixed for 30 s. The fluorescence was measured via plate reader
(EnSight, PerkinElmer) using 485 and 528 nm emission and
excitation wavelengths, respectively. For Caco-2 on a chip, the same
protocol was used except that the 10× TrypLE and the subsequent
PBS wash were infused via a sterile, plastic syringe to detach cells. The
actual amount of AP was interpolated using a calibration curve
generated with the kit supplied AP standard.

Paracellular Permeability Measurement. The apparent per-
meability coefficient for tetramethylrhodamine (TRITC) labeled
dextran (4.4 kDa; cat no. T1037, Sigma-Aldrich) was determined by
measuring transport across the Caco-2 cell monolayer as previously
described.51 TEER values of cell monolayers were measured prior to
the permeability assay, and monolayers with TEER values below 165
Ω cm2 were not used.44 For control Transwell cultures, 300 μL of 500
μM dextran in cell culture medium was applied to the apical
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compartment. A total of 100 μL was immediately sampled from the
apical compartment, transferred to a black, polystyrene, 96-well plate
and stored at 4 °C. Transwells were maintained in a humidified, 37 °C
+ 5% CO2 incubator. Then, 100 μL aliquots were sampled from the
basolateral compartment every 30 min over 3 h, and 100 μL of fresh
medium preheated to 37 °C was added to replace the aliquoted
volume. The fluorescence intensity of the collected basolateral
samples was measured at 557 and 576 nm emission and excitation
wavelengths, respectively. The interpolated dextran concentration was
determined using a standard curve. The apparent permeability
coefficient was calculated as specified. For Caco-2 on a chip, the
dextran solution was perfused through the upper channel, and cell
culture medium was perfused through the lower channel at a rate of
0.84 μL/min. Aliquots were sampled from the lower channel every
hour and stored at 4 °C. The apparent permeability coefficient for
Lucifer Yellow (450 Da; cat no. L0259, Sigma-Aldrich) across primary
organoid derived monolayers on static inserts and bilayer chips was
determined as described above.
Monolayer Morphology and Mucus Production Measure-

ment. Cell morphology was assessed by staining F-actin, nuclei, and
ZO-1 tight junction protein. Monolayers were washed and stained at
room temperature. All monolayers were washed three times with PBS
and fixed in 4% formaldehyde (cat no. 28906, ThermoFisher) for 20
min. Post fixation, the monolayers were permeabilized in 0.1% Triton
X-100 for 20 min and blocked overnight in 2% bovine serum albumin
solution (BSA, cat no. 97061−416 VWR). The next day, the
monolayers were stained with anti-ZO-1 antibody (1:200, 1 h, cat no.
339188, ThermoFisher), phalloidin (1:500, 1 h, cat no. A22287,
ThermoFisher), and DAPI (1:1000, 10 min, cat no. D1306,
ThermoFisher) diluted in 1% BSA solution. Transwell membranes
were isolated and mounted on a standard glass slide and coverslip
with Gold Antifade Mountant (cat no. P36931, ThermoFisher).
Mucus production was assessed by alcian blue and immunostaining

for MUC2 protein. Monolayers were washed and stained at room
temperature. For alcian blue staining, monolayers were washed three
times with PBS and fixed with 4% formaldehyde for 20 min. Next, the
cell monolayers were washed three times with PBS and stained for 20
min with a 1% alcian blue solution in 3% acetic acid (pH = 2.5, cat no.
50-319-30, Fisher Scientific) that was filtered via a 0.1 μm syringe
filter. Post staining, monolayers were washed five times with PBS. For
MUC2 immunostaining, the monolayers were washed, fixed,
permeabilized, and blocked as previously described. Mucin was
detected via an antimucin 2 primary antibody (1:200, 1 h, cat no.
PA1-23786, ThermoFisher) and an Alexa Fluor 647 secondary
antibody (1:1000, 1 h, A-21244, ThermoFisher). For monolayers in
the bilayer chip, the protocol remained the same, but washes and
stains were applied via syringe pumps to minimize damage to the
monolayer.
The trilayer chip was stained as follows. All steps were performed at

room temperature, and all washes and stains were applied to both
apical and basal channels via syringe pump to minimize damage to the
monolayer. The chip was washed with 500 μL of PBS followed by 4%
formaldehyde for 30 min. The chip was washed with 500 μL of PBS
prior to application of 0.1% Triton X-100 for 30 min. The chip was
then washed with 2.5% goat serum applied via syringe pump
overnight. The chip was washed with 500 μL of PBS prior to the
addition of a cocktail of DAPI and anti-Ki67 antibody (1:200,
MA514520, ThermoFisher) incubated for 2 h. The chip was washed
with 500 μL of PBS via syringe pump, and a secondary antibody
(1:500, A-11029, ThermoFisher) was applied overnight. The chip was
washed with 500 μL of PBS and imaged immediately.
Fluorescence microscopy was performed on a Zeiss Axio

Observer.Z1 microscope equipped with an ORCA-Flash4.0 camera
(cat no. C11440−22CU, Hamamatsu). Color images of alcian blue
stained monolayers were obtained on an Olympus IX51 microscope
equipped with an Olympus DP70 camera.
Confocal microscopy was performed on an LSM 710 confocal

microscope (Zeiss) equipped with Zen software (Zeiss) using the
Plan-Apochromat 10×/.45 M27 objective. The 405 nm laser was used
to excite DAPI. A 512 × 512 pixel scan format was used. Z-slices were

acquired at 2.87-μm intervals with each slice representing the average
of eight scans.

Statistical Analysis. Student’s t test or ANOVA followed by a
Tukey’s posthoc correction was used to determine statistical
significance as indicated in figure legends (error bars indicate
standard error of the mean (SEM); p values < 0.05 were considered
to be significant).

■ RESULTS

Cut and Assemble Organ-on-Chips. The bilayer chip
presented here (Figure 1a−c) featured apical and basal flow
channels interfaced via a PC track etched membrane across a
10 mm length and 1 mm width. The channel height was
application dependent. In one embodiment, Caco-2 cells were
cultured in a 196 μm tall channel. In a second embodiment to
enable monolayer seeding with less concentrated suspensions,
primary human intestinal cells were cultured in a 1.6875 mm
tall channel. Primary monolayers required seeding cells at a
higher cell/cm2 ratio, which was accomplished by increasing
the volume of the cell channel rather than increasing cell
concentration. Both apical and basal channels had independent
inlets and outlets for cell seeding and medium perfusion. Each
bilayer chip consisted of nine discrete layers (Figure 1a)
irreversibly bonded to membrane interfaced channels (Figure
1b). While the bilayer chip featured nine layers, each device
was constructed in four steps (Figure 1d) to align and bond
five components prior to device assembly layer by layer (Figure
1d). To assess the bond strength of tape layers, a single-lap
shear test exhibited shear strengths from 0.7 to 1.3 MPa for a
small bonded area (1 cm2) across configurations of MEM,
PET, and PMMA (Figure 1e). Laser-cut channels were
measured and confirmed to be equivalent to their nominal
widths defined in the CAD drawings (Figure S3). Further-
more, adhesive layers displayed minimal compression when
stacked (Figure S4), indicating a high stack tolerance for this
cut and assembly platform.

Recapitulating the Human Intestine on Cut and
Assemble Chips. To initially assess biocompatibility, human
intestinal Caco-2 cells were cultured in the cut and assemble
bilayer chip under apical and basal medium perfusion. Prior to
cell seeding, both channels were coated with rat tail type I
collagen to promote cell adhesion. The medium flow rate of
0.84 μL/min delivered a shear stress of 0.015 dyn/cm2 across
the epithelial monolayer as previous work suggested an
intestinal lumen shear stress of 0.002−0.08 dyn/cm2.28 Caco-
2 cells were cultured for 5 days on a chip and compared to cells
grown on static Transwell inserts for 5 and 21 days (Figure 2).
Transwell controls were included as benchmarks to conven-
tional approaches for polarized cell culture and prior art with
bilayer chips fabricated by soft lithography.11,12,18,59−62 After
these time points, the cells were fixed and stained for F-actin,
tight junction protein ZO-1, and cell nuclei. Cells formed
confluent monolayers with mostly comparable morphology, F-
actin expression, and tight junctions under all three culture
conditions.
Following initial biocompatibility validation of the cut and

assemble bilayer chips, we next assessed cellular function using
fluorescent dextran (Figure 3a) and alkaline phosphatase (AP;
Figure 3b) and further stained using alcian blue, DAPI, and
MUC2 (Figure 3c). Fluorescent dextran (4.4 kDa) transits
across a membrane paracellularly, thus by after administering it
on the apical end and measuring the apical and basal outlets,
the quantified fluorescence (termed “apparent permeability”)
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gives a measure of the transport through between the cells.63

The 5 day chip case demonstrated a significantly higher

apparent permeability (p < 0.0001) than both the 5- and 21-
day Transwell cultures (Figure 3a). Measurement of alkaline
phosphatase (often used to broadly quantify cellular
maturity64−66) revealed a significantly higher expression
(Figure 3b) compared to the 5 day Transwell in the 21 day
Transwell (1.7-fold increase with p = 0.0317) and the 5 day
chip (2.2-fold increase and p = 0.0035). Further staining using
alcian blue (stain for gastrointestinal mucins67) and MUC-2
(stain for a gastrointestinal mucosal layer structural protein68)
indicated increased staining of alcian blue and more uniform
MUC-2 in the 5 day chip in comparison to the 5 day Transwell
(Figure 3c).

Cut and Assemble Organs-on-Chips Support Primary
Human Intestinal Epithelium. We aimed to further asses
biocompatibility using the more biorelevant primary intestinal
epithelial cells expanded as organoids derived from intestinal
biopsies. Alone in Matrigel, the organoids grew in a spheroid
morphology (Figure 4a). Once ready for seeding, the
organoids were dissociated primarily to single cells (82%;
Figure 4b), with 71% viability. Then, cells were plated as a
monolayer on either Transwell inserts (Figure 4c) or on cut
and assemble chips (Figure 4d) for 5 or 7 days. Phase contrast
images were taken at 1, 3, and 5 days of culture on cut and
assemble chips (Figure 4d). Static monolayers were main-
tained in organoid expansion medium (EM) for 2 days
followed by differentiation medium (DM) for 5 days while
chip monolayers were maintained in EM for 3 days followed by
DM for 2 days. Monolayers were then fixed and stained for F-
actin, tight junction protein ZO-1, and nuclei (Figure 5a). The
stained monolayers demonstrate a similar morphology and
confluence between Transwell and cut and assemble cultures.
A phase contrast image of the membrane area (Figure 4b) on
the chip reveals a similar monolayer health throughout, of
which a portion is shown at a higher magnification.
To further evaluate the system, barrier integrity was assessed

by measuring the paracellular transport of Lucifer Yellow (450
Da; Figure 5c). We observed a significant increase (p =
0.0029) of about a magnitude (measured in cm/s) in the
apparent permeability between the 5-day static and chip
models.

Integration of Primary Human Intestinal Monolayers
and Intact Organoids in Trilayered Organ Chips. To
demonstrate the versatility of the cut and assemble method for
multilayered, 3D culture systems, we fabricated architectures in
a dual membrane, trilayer organ chip enabling 3D tissue
culture (Figure 6a−c) and integrated 2D and 3D tissue culture
of primary intestinal monolayers and intact organoids in
adjacent compartments. Organoids cultured in standard
plasticware thrive throughout approximately 1.5-mm-thick
Matrigel (Figure 4a). Therefore, we engineered the trilayer
organ chip, again using a layered approach bonded with
adhesives, with a 1.6875-mm-tall, central, organoid culture
channel (Figure 6c). To promote physical interaction between
the differentiated monolayer and the central, organoid laden
compartment, the monolayer was cast on a 30 μm pore
diameter PC membrane. First, intestinal stem cell laden
Matrigel was polymerized in the central channel for 30 min at
37 °C. Then, the apical channel was seeded with dissociated
organoids to generate a confluent epithelial monolayer.
Organoid expansion medium (EM) was perfused through
the apical and basal channels for 6 days. Then, the apical
medium was altered to differentiate the epithelial monolayer,
and perfusion continued for 4 days. Phase contrast images of

Figure 2. Evaluation of biocompatibility of laser cut and assemble
chips. Cell morphology is visualized by immunostaining against ZO-1
tight junctions (green), DAPI nuclei (blue), and F-actin cytoskeleton
(red) of Caco-2 cells grown on static Transwell inserts for 5 days
(top), 21 days (middle), or on laser cut and assemble chips for 5 days
(bottom). Scale bar denotes 20 μm.

Figure 3. Characterization of epithelial barrier function and Caco-2
monolayer differentiation. (a) The apparent paracellular permeability
quantified by tracking a 4.4 kDa fluorescent dextran through Caco-2
monolayers cultured on Transwell inserts for 5 or 21 days and Caco-2
monolayers cultured on a chip for 5 days. Data are presented as mean
± SEM from three independent experiments each utilizing three static
inserts and three chips (*p < 0.05 by ANOVA followed by Tukey’s
HSD test). (b) Alkaline phosphatase expression of Caco-2 cells
cultured on Transwell inserts for 5 or 21 days compared to Caco-2
cells cultured on a chip for 5 days. Data are presented as mean ± SEM
from three independent experiments each utilizing three static inserts
and three chips (* p < 0.05 by ANOVA followed by Tukey’s HSD
test). (c) Analysis of mucus production by Caco-2 monolayers on
Transwell and on a chip. Left-most panels depict representative
images of Caco-2 monolayers stained with Alcian Blue. In right-most
panels, cells are visualized by DAPI nuclei (blue) staining, and mucus
protein is visualized by anti-MUC2 staining (red) of Caco-2 cells
grown on static Transwell inserts for 5 days (top) and on laser cut and
assembled chips for 5 days (bottom). Scale bars denote 20 μm.
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both the epithelial monolayer and organoid-laden Matrigel
were taken at days 2, 4, 6, and 10 (Figure 7). Monolayers
achieved confluency in 1−2 days and remained confluent over
the 10-day culture duration (Figure 7). Similarly, stem cells
formed closed organoids in 1−2 days, which expanded over 10
days and maintained their characteristic cystic morphology
(Figure 7). Assessment of the proliferation of the organoid on
chip cultures via confocal fluorescence microscopy revealed
Ki67+ proliferative stem cells (Figure S1).
At day 10, structural analysis of the system stained with

DAPI was conducted using 3D confocal microscopy (Figure 8)
and confirmed the presence of single organoids with their
characteristic cystic morphology (Figure 8c) as well as larger,
morphologically complex organoids (Figure 8d). To analyze Z-
depth, monochrome 3D confocal stacks were taken, with each
slice colored differentially to represent the z depth. Color
coded maximum intensity projections of primary monolayers
in the trilayer chip revealed 3D tissue growth spanning
approximately 102 μm (Figure 8a). Further analysis indicates
the location of the organoids within the culture and the
changing topography of the monolayer from an orthogonal
view (Figure 8b). Orthogonal views of the organoid culture
(Figure 8c) indicate some organoids are dwelling on the upper
surface of the system in close proximity to the monolayer. A
3D reconstruction of the organoid culture further reveals both
a potential interaction of the organoids with the monolayer
and the varied landscape of the biological system.

■ DISCUSSION
Rapid and Facile Cut and Assemble of Bilayer

Organs-on-Chips. The cut and assemble manufacturing
technique eliminated the PDMS elastomer and micro-

fabrication to overcome the aforementioned limitations of
soft lithography.30,34,36 By eliminating lithographic mold
fabrication and the subsequent PDMS degassing, curing, and
bonding,9 chips were cut and assembled in approximately 1 h
while soft lithography fabrication can span several days.9 The
total material cost per cut and assembled chip was
approximately $2 (Table S1). Economical and rapid
prototyping is particularly useful in early project phases for
iterative design, whereas photomasks may be cost prohibitive
($150−500 per mask depending on feature size), and photo
plotting may require several days for turnaround. Furthermore,
eliminating lithography enables researchers without micro-
fabrication experience or facilities to build organs-on-chips
with minimal capital investment. Recent innovative work
harnessing 3D printing of molds, versus conventional litho-
graphic measures, minimizes the cost and time significantly for
organ-chip fabrication39 but relies on solution casting of
PDMS for channel fabrication, which may not be optimal for
certain biological investigations. Our laser cutting system
(along with all peripheral equipment including an air
compressor and a fume extraction system) cost a total of
$12,450, whereas a mask aligner may cost between $30,000−
100,000 and does not include peripheral equipment such as a
spin coater and vacuum systems. Makerspaces equipped with
laser cutters, plotter cutters, and 3D printers further reduce
capital costs and increase accessibility.69 Furthermore, cut and
assemble is more amenable to high volume manufacturing
techniques such as die cutting, injection molding, and
industrial laser cutting as compared to soft lithography.70

Once a final design iteration is identified via flexible cut and
assemble methods at low cost, outsourcing fabrication to

Figure 4. Formation of primary human intestinal monolayers from biopsy-derived organoid cultures. (a) Organoid expansion in 3D Matrigel. Scale
bar denotes 500 μm. (b) The percentage of cells/clumps occurring as single cells, doublets, triplets, or clumps of four or more cells after organoid
dissociation from three independent experiments. (c) Transwell based monolayers were maintained for 7 days; the phase contrast microscopy
image shows Transwell primary human epithelial monolayers at 7 days (note that EM was switched to DM at day 2). (d) Phase contrast images of
primary human epithelial monolayers in the bilayer chip at 1, 3, and 5 days post seeding (note that EM was switched to DM at day 3). Scale bar
denotes 100 μm.
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commercial MEMs vendors such as Micronit becomes feasible

as well.
From a prototyping perspective, the cut and assemble

approach’s flexibility enables creativity to easily match

experimental needs. The channel geometry can be readily

modified, and additional channels and membranes can be

added or removed. While commercial off the shelf systems for

bilayer chips, including primary epithlium,71 are offered from

Figure 5. Primary human intestinal epithelium on a chip. (a) Representative images of cells immunostained for ZO-1 tight junctions (green), DAPI
nuclei (cyan), and F-actin cytoskeleton (red); primary intestinal cells grown on laser cut and assembled chips for 5 days (bottom) and static inserts
for 7 days (top). Scale bar denotes 20 μm. (b) Representative phase contrast images showing primary human epithelium at 5 days across the entire
length of the chip and a higher magnification of the area denoted by the white rectangle (bottom, scale bar denotes 500 μm). (c) The apparent
paracellular permeability quantified by tracking Lucifer Yellow through primary epithelial monolayers cultured on Transwell inserts or on bilayer
chips for 5 days. Data are presented as mean ± SEM from three independent experiments each utilizing three static inserts and three chips
generated from organoids isolated from one donor (*p = 0.0029 by Student’s t test).

Figure 6. A dual membrane, trilayered organ chip integrating a primary intestinal monolayer and organoids. (a) A photograph of the trilayered
organ chip composed of clear PMMA, acrylic adhesive, polycarbonate track etched membranes, and glass coverslip. (b) A schematic showing the
integration of 13 discrete layers to form a trilayered chip. (c) A schematic of an assembly cutaway view of the trilayered chip showing the inner
apical, central, and basal channels.
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vendors such as Emulate, Inc., the chip geometry is not
configurable, chips are made of PDMS,9 and the full system is
cost-prohibitive to many. Substitution of the thickness of the
sheets or flow path material enables control in three
dimensions. This may be useful when emulating multiple
biological barriers such as an epithelium alongside an
endothelium.10

Though often neglected, facile but reliable fluidic con-
nections simplify chip use, automation, and high-throughput
application. Luer Lock and Luer Cone are fluidic interfacing
standards but most fabrication techniques, including soft
lithography, are incompatible with threaded fluidic connectors.
Therefore, we engineered cut and assembled organ chips with
threaded ports to accept standard Luer fittings. Cut and
assembled organ chips potentially enable O2 tension control to
recapitulate hypoxic tissues because O2 permeability in acrylic
is an order of magnitude lower than PDMS. Similarly, PDMS’s
high vapor permeability results in significant evaporation
relative to the microliter-sized compartments compromising
cell viability.34,12,15,27−29,72

Under the flow conditions utilized in this work, no chip
failure from poor adhesive bonding (leaking, delamination, or
bursting) or Luer connections was observed. However, to
evaluate the bond strength of our tape layers, a single-lap shear
test between our different layered materials was carried out.
The assessment (Figure 1e) demonstrated robust structural
integrity between the layers (shear strengths of 0.7 to 1.3 MPa
depending on the material’s structural integrity) with bond
strength comparable to two-part epoxy adhesives73 for the
tested overlap area (1 cm2).
The advantages discussed above are a tradeoff with reduced

feature resolution compared to traditional microfabrication. In
the x−y plane, soft lithography reliably produces micron-sized
features while laser cutting is limited to 102 to 103 μm.
Supporting Information Figure 2 (Figure S2) shows the

average deviation of channels cut from the 196-μm-tall bilayer
chip channel element (0.003″ PET sheet flanked by 966
adhesive tape on both sides). Note that measurements showed
overcutting (positive error) regardless of the nominal channel
width. Overcutting may be an effect of the laser spot size
during material ablation; the CAD drawing specifies a nominal
channel width, but a large laser spot size leads to overcutting
past the nominal lines. Furthermore, the results (Figure S2)
showed a prohibitively large error (∼33% and ∼70%) at
nominal channel widths of 250 and 125 μm, respectively.
However, error was limited to 9.6% and 12.6% for nominal
channel widths of 1000 and 500 μm, respectively. These errors
may be reduced by compensating for laser overcutting by
specifying a nominal channel width of 900 μm to achieve an
observed channel width of 1000 μm, for example. While a few
previously described tissue chips utilized channel widths less
than 500 μm,9,10,14 channel widths of 1 mm or greater are
more frequently used.9,11,13,15−17 Therefore, we deemed laser
cut and assemble suitable for the fabrication of organ chips
with channel widths of 500 μm or greater. Further, high
performance laser cutters claim a focused spot size of 25 μm,
thereby reducing overcutting and approaching lithographic
resolutions. Note, however, that laser cutting microfluidic
devices introduce error via manual operations such as laser
focusing. Additionally, the error may vary depending on the
processed material.
In the z plane, traditional microfabrication enables tunable

feature height by controlled photoresist deposition. Feature
heights of 102 to 103 μm conventionally require multiple spin
coatings and long subsequent baking steps. Theoretically, the
minimum cut and assemble feature height is limited to one
adhesive tape layer as a channel element, 60 μm in our case,
though alternative tapes may be available. Intermediate feature
heights are partially constrained; feature height is increased by
layering inert thermoplastic materials such as polyester (PET)

Figure 7. Phase contrast images of primary human epithelial monolayers and organoids in the trilayer chip at 2, 4, 6, and 10 days post seeding (note
that apical expansion medium was switched to differentiation medium at day 6). Scale bar denotes 500 μm.
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film between two adhesive tapes. For example, the Caco-2
bilayer chip featured 196-μm-tall channels composed of a
0.003″ PET film sandwiched by two 60 μm adhesive tapes
(Figure 4), while the primary cell bilayer chip featured a
1.6875-mm-tall channel composed of a 1/16″ acrylic sheet
sandwiched by two 60 μm adhesive tapes (Figure 6). The
maximum cut and assemble feature height is theoretically
without limits.
Microfluidic Perfusion Culture Impacts Human In-

testinal Function in Vitro. The aforementioned bilayer-type
chip was evaluated for biocompatibility under perfusion via
human intestinal cell cultures. Initially, the Caco-2 cell line
(commonly utilized to model for the small intestine) was
utilized for basic characterization. Importantly, immunostain-
ing revealed that cells formed confluent monolayers across the
integrated membrane (Figure 2) demonstrating the suitability
of laser cut or cutter plotter processed adhesives for studying
epithelial barrier function. While these technologies were
previously used to fabricate microfluidic devices, they were
predominantly analytical microfluidic devices,74−77 with the
exception of an organ-on-skin device78 which used a PDMS
cover to facilitate oxygen exchange. This study preliminarily
demonstrates that acrylic based adhesives are biocompatible
channel elements that support human intestinal epithelial cell
culture. Although full analytical testing was not conducted to
fully characterize possible toxic residues from laser fabrication,
these compounds are likely washed away with vacuum

treatment during assembly and subsequent medium perfusion
during culture.
Following validation of the biocompatibility of cut and

assemble bilayer chips, we next assessed cellular function. As
Caco-2 cells cultured on porous membranes are used to model
intestinal transport,11,12,18,59−62,79 we quantified barrier integ-
rity by measuring the apical to basal paracellular transport of a
fluorescent dextran (4.4 kDa). Paracellular transport is
governed by molecular diffusion through tight junctions rather
than active transport via cell membrane bound transporters.
The apparent permeability of dextran was calculated as
previously described.80 We did not observe a significant
difference (p = 0.9748) between the 5- and 21-day static
Transwell models (Figure 3a). Furthermore, the results were
consistent with previous permeability measurements of a
similarly sized dextran across Caco-2 monolayers.81−83 In
contrast, the apparent permeability across the cut and assemble
chip Caco-2 monolayers was 40 and 100 times higher than the
static 5-day and 21-day Transwell models, respectively (p <
0.0001; Figure 3a). This finding was unanticipated and may be
partly explained by a reduction in boundary layer diffusion
resistance due to media perfusion across the cell monolayer,
increasing flux at the monolayer surface.84 The result
highlighted the difficulty in comparing monolayer permeability
under static and dynamic conditions. Orthogonal measures of
paracellular transport which are not influenced via fluid
dynamics, such as TEER, may elucidate the differences

Figure 8. Structural analysis of a dual membrane trilayered organ chip integrating primary human intestinal monolayers and intact organoids. (a) Z-
depth color coded maximum intensity projections of the monolayer cultured on chip for 10 days and stained with DAPI when viewed from above
by confocal microscopy. The color bars above the image specify the range of z-depths in μm. Both images in panel a were observed on the same
chip. (b) A representative maximum intensity z projection and the corresponding orthogonal view of the monolayer cultured for 10 days and
stained with DAPI when viewed from above by confocal microscopy. The dashed white lines indicate the upper and lower surfaces of the primary
monolayer while the dashed white circles indicate underlying intact organoids in close proximity to the monolayer. (c) Representative orthogonal
views of intact organoids cultured on a chip for 10 days, stained with DAPI, and imaged by confocal microscopy. (d) Representative 3D
reconstruction of confocal immunofluorescent micrographs of intact organoids cultured on a chip for 10 days and stained for DAPI. Scale bars
denote 100 μm.
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observed. Further, a direct comparison to prior reports of
perfused bilayer organ chips was not included herein, which is
a limitation of this work.11,12,18,59−62

During extended culture, typically 3 weeks, Caco-2 cells on
static Transwell inserts differentiate toward an intestinal
enterocyte phenotype expressing transport proteins and
brush border enzymes.44 Among brush border enzymes,
alkaline phosphatase (AP) is a frequently used differentiation
marker.64,85,86 As expected, analysis of AP expression revealed
a significant 1.7-fold increase (p = 0.0317) between Caco-2 on
static Transwell inserts at 5 versus 21 days (Figure 3b).
However, between Caco-2 cells cultured for 5 days on a chip
versus static, AP expression significantly increased 2.2-fold (p =
0.0035; Figure 3b). The increased AP expression was
consistent with a previous study that reported 4-fold increased
AP activity by human proximal tubular epithelial cells in
response to perfusion.87 Perfusion of media may expedite cell
differentiation via introduction of flow-induced shear stress,
increased exposure to nutrients, and/or decreased exposure to
cellular metabolites and waste products compared to static
conditions where media is replenished every 48 h.
We next compared mucus production by Caco-2 cells on

static Transwell inserts versus a chip. Alcian blue, a polyvalent
dye, was used to identify gastrointestinal mucins,67 and
immunostaining was used to specifically identify Mucin 2,
the most abundant structural protein of the gastrointestinal
mucus layer.88 Analysis of alcian blue staining suggested that
Caco-2 cells on a chip produce more mucus compared cells
grown on static Transwells (Figure 3c). These results are
consistent with two previous studies combining Caco-2 and
other gastrointestinal cell lines with media perfusion that
reported increased mucus production in response to
mechanical stimulation via fluid flow.11,89

While media perfusion may promote cellular differentiation
as discussed above, maintaining perfusion via syringe pumps is
nontrivial. Syringe pumps placed in incubators generated heat
and drove the incubator temperature above 37.0 °C. This was
resolved by placing syringe pumps in the incubator the day
before cell culture so that the incubators equilibrated back to
37.0 °C. While a syringe pump drove multiple syringes to
accommodate multiple chips or channels, all of the syringes
output identical flow rates. This imposed limitations in dialing
varying volumetric flow rates and/or shear stresses for different
channels or parallel chips. Therefore, experiments of varying
fluidic conditions cannot be performed in parallel using a
single pump.
Introduction of Primary Intestinal Cells from Patient-

Derived Organoids. While Caco-2 cells on static permeable
supports are frequently used to model enterocytes for transport
studies across the small intestinal epithelium, as a model, Caco-
2 is limited by its colorectal adenocarcinoma origin. Caco-2
cells contain unknown genetic mutations, fail to fully
recapitulate the gut’s heterogeneous cell population (stem
cells, transit-amplifying cells, Paneth cells, goblet cells,
enteroendocrine cells and enterocytes), and may not accurately
represent any one cell type. Therefore, we also sought to
establish a more physiologically relevant intestine model by
utilizing human primary intestinal epithelial cells expanded as
organoids derived from intestinal biopsies (Figure 4a). Once
broken down into predominantly single cell clusters (Figure
4b), the cells were able to be reseeded as a monolayer (Figure
4c,d).

Immunostaining revealed the primary cells formed confluent
monolayers with comparable morphology and tight junctions
under both culture conditions (Figure 5a,b), demonstrating
suitability for future epithelial barrier studies. We next found
that barrier integrity (comparing primary monolayers on chip
versus on static inserts) measured by the apical to basal
paracellular transport of fluorescent Lucifer Yellow (450 Da)
significantly increased (p = 0.0029; Figure 5c), consistent with
observations for Caco-2 cells (Figure 3a). These results
indicate that cut and assemble chips support primary intestinal
cells to form confluent monolayers expressing tight junctions
and low permeability in response to continuous perfusion.

Inclusion of Intestinal Organoids Promote Growth,
Differentiation, and Function of Primary Human
Intestinal Monolayers in Trilayered Organ Chips. In
the native intestine, epithelial cells are maintained by their
surrounding physical, biochemical, and cellular niche.90 The
cellular niche includes myofibroblasts, fibroblasts, endothelial
cells, immune cells, glial cells, neural cells, and smooth muscle
cells, which are embedded in the ECM underlying the
epithelium.90 The cellular niche regulates epithelial cells via
both paracrine and contact dependent signaling.90 While the
bilayer organ chip is the most predominant design, modeling
multicellular tissues would benefit from more complex organ
chip architectures that enable the integration of more than one
to two cell types or 3D tissue culture within a matrix.
While sparse 3D tissue structures spanning a few cell layers

were observed in the bilayer organ chip (including both Caco-
2 and primary epithelium cultures) (Figure 5a,b), 3D tissue
structures in the trilayer organ chip (including a primary
epithelium and intestinal organoid coculture) were present
across the entire chip length at an even shorter duration of
culture (Figure 7). While poor dissociation of primary
organoids prior to seeding chips may explain the formation
of multicellular structures, these structures were not observed
for on Transwells which were dissociated via the same
protocols. Increased nutrients due to media perfusion on
chip may provide cells the resources for more robust
expansion, leading to multicellular tissue structures. Indeed
3D, multicellular, tissue structures on a chip were recently
reported and attributed to the presence of media flow and
human intestinal microvascular endothelial cells (HIMECs).13

Here, we demonstrate 3D tissue growth in the absence of
HIMECs. However, the previously reported villus-like
structures formed on a collagen I and Matrigel coated
membrane. Therefore, it is plausible that biochemical cues
originating from laminin and collagen IV rich Matrigel
promote 3D tissue growth. In the trilayer chip presented
here, tissue growth may be promoted by direct contact
between the monolayer and Matrigel through the 30 μm pores
as the bilayer chip was only collagen I coated. Confocal
fluorescence microscopy revealed organoids in close proximity
to the basal regions of the monolayer and 3D tissue structures
(Figure 8b). It is possible, though unproven, that intact
organoids adjacent to the epithelium communicate with the
differentiated epithelial monolayer via paracrine signaling to
drive morphological changes. For example, intestinal hedgehog
signaling in the intervillous pockets of the developing
epithelium is involved in crypt−villus axis formation during
development, and the adult small intestine retains Indian
Hedgehog (Ihh) ligands in the differentiated villi.90,91 Thus,
integration of the 2D and 3D microenvironments in the
trilayer gut chip may exhibit more native functionality of
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intestinal epithelium and stem cells than independent cultures,
while allowing evaluation of monolayer and organoid behavior
simultaneously.
Primary monolayers enable intestinal transport studies

across an epithelium mainly comprising enterocytes and goblet
cells but typically lacking proliferative cell compartments.53

Conversely, 3D organoids contain proliferative cell compart-
ments but limit intestinal transport study due to poor luminal
access. The presence of Ki67+ proliferative stem cells in the
cut and assemble organoid culture (Figure S1) demonstrates
that the trilayer chip could enable studying intestinal transport
across a differentiated epithelium and the subsequent effects on
intestinal stem cells. As paracrine Hedgehog signaling between
epithelial and mesenchymal cells promotes stromal niche
formation which affects epithelial proliferation and differ-
entiation,90 the trilayer organ chip presented here is a
particularly powerful tool for integrating the small intestine’s
mesenchymal components (fibroblasts, endothelial cells,
enteric neurons, and glia) and studying paracrine or cell-to-
cell contact-dependent (e.g., enteroendocrine cell-enteric
glia92) signaling. However, to elucidate interactions between
heterogeneous cell types, it should be demonstrated that the
cells embedded in the central gel layer can be retrieved for
downstream molecular analysis. Otherwise, analysis of the cell
culture model presented here would be limited to imaging.

■ CONCLUSION
Microfabricated organs-on-chips may potentially improve
preclinical models, while providing platforms for controlled
biological evaluation. In order to gain broad use, organs-on-
chips should be simple to use, automated, configurable, and
high throughput. Currently, design and redesign can be limited
by chip cost, equipment availability, and fabrication complex-
ity. The microfabrication free, cut and assemble manufacturing
technique presented herein provides rapid (hours), facile, and
inexpensive (∼$2 per chip) access to multilayer organs-on-
chips with standard fluidic connectors. Caco-2 cells cultured
on cut an assemble chips formed confluent monolayers
expressing tight junctions, which enabled molecular perme-
ability assays. Caco-2 cells cultured on chips also differentiated
∼4 times faster than on Transwell inserts, increasing
experimental throughput. The cells on chip also produced
mucus and alkaline phosphatase, emulating native intestinal
functions. Moreover, cut and assemble chips supported
primary human intestinal monolayers with tight junction
functional barriers.
The versatility of cut and assemble chips was further

demonstrated by generating a dual membrane trilayer gut chip.
This trilayer organ chip may be particularly useful for
integrating intestinal monolayers with 3D culture of mesen-
chymal cells (fibroblasts, endothelial cells, enteric neurons, and
glial). In a proof-of-principle experiment, we cocultured
primary 2D monolayers with 3D organoids. Remarkably, the
monolayer formed multicellular 3D structures spanning 102

μm, possibly aided by paracrine signaling between the
differentiated epithelial monolayer and the proliferative
proximate organoids. This platform may enable character-
ization of intestinal transport and organoid biology toward
improved screening and disease modeling, and further design
improvements could include enhanced imaging capabilities and
increased cell-monolayer interactions. This could be accom-
plished by decreasing the central channel’s height and/or using
an apical membrane with pores >30 μm.

The many features of cut and assemble chips, including the
low gas and water vapor permeability of thermoplastics,
compared to PDMS; the rapid, easy, and economical
fabrication method; as well as the ability to make custom
multilayered chips, make cut and assemble fabrication well
suited for wider adoption and development of organs-on-chips.
While laser cut and assembly does not impact the perfusion
time limitations nor cell source scaling challenges, the low cost
and accessibility of thermoplastic organ chips fabricated by this
method may limit design and redesign burden and availability
of complex geometries.
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