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Current in vitro drug screening methods often rely on single cell-models and are therefore
imprecise in predicting drug absorption, distribution, metabolism, excretion, and toxicity. This
study presents a method to fabricate 3D printed inserts that are compatible with commercially
available titer plates. Hydrogels can be casted into the inserts and cells can be cultured either in
or on the hydrogels. Once individual cell cultures are fully differentiated, the three different cell
cultures are stacked on top of each other for biological experiments. To show the possibilities
of this approach, three tissue models representing the first pass metabolism was used. The three
tissue models are based on gelatin hydrogels and Caco-2, HUVEC, and HepG?2 cells to simulate
the small intestine, vascular endothelium, and liver, respectively. The device is simple to
fabricate, user friendly and is, an alternative to microfluidic-based organ on a chip system. The
presented first pass metabolism study allows for gaining information on drug absorption,
distribution, metabolism, and, in the future, excretion in one compact device complying the

micro titer plate format.



1. Introduction

Oral drug administration is preferred due to low cost and high patient compliance.[!! 60 % of
all drugs are administered orally emphasizing the importance of this administration route.!?!
Drug development usually takes 10-15 years and costs up to $1.8 billion in total, ** and
improving the research and the development phases will have the biggest cost reducing effect.!
Nearly, 90 % of drugs identified as lead candidates using current in vitro methods, such as
immortalized cell lines and purified tissue sections, fail to reach the market. Furthermore, 50 %
of the drug candidates and/or drug formulations fail due to too low oral bioavailability and/or
hepatic toxicity issues during phase I clinical trials.>~7 Pre-clinical in vitro testing of absorption,
distribution, metabolism, and excretion (ADME) may reduce the number of failures in phase I
clinical trials. Currently, each step of ADME is investigated individually using specialized cell
lines. However, multicellular co-cultures have been developed for preclinical drug screening.
(81 Typically, oral absorption studies are performed in transwell systems with single cell lines
which are designed to model a biological barrier such as the small intestine.!” %!

Microfluidic devices can connect multiple cells types for ADME testing.!'*~'®) However,
microfluidic devices are difficult to up-scale because they have a tendency to be rather complex
as they require tubes and pumps. While commercial systems are available, these are also not
necessarily trivial to use.['*!> Previously, a microfluidic system with multiple connected cell
layers of colon adenocarcinoma cells (Caco-2), human umbilical vein endothelial cells
(HUVEC), and Michigan Cancer Foundation-7 (MCF-7) cells, and hepatocytes on
polycarbonate membranes has been presented.['*) However, when aiming for ADME testing of
microparticles or drug delivery systems up to 400 um in size,l'’ " there is a need for ADME
test systems larger than those supported by microfluidics where channels are normally a few

13,14,21

hundred um in height.! I Furthermore, most reported microfluidics systems are made of

the polymer polydimethylsiloxane (PDMS). PDMS has many properties suitable for this
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application, but small hydrophobic molecules have a tendency to diffuse into PDMS which can
be problematic.?>-]

(26] Culturing of cells in a softer matrix gives a more in vivo-

In vivo, tissues are very soft.
like environment for the cell cultures than on hard plastic surfaces, because cells sense the
stiffness of their growth matrix.[*” Epithelial cells grown on a soft matrix display organization
and polarity which resembled the phenotype found in vivo.?®! To obtain soft growth matrices,
hydrogels have been utilized to replace the hard polycarbonate or polyester filters used in
microfluidics and transwells. Cells have been cultured both inside and on top of hydrogel
growth-matrices.!** 4 Transwell inserts contain a rigid membrane, but it can be functionalized
with collagen or other hydrogels to obtain the softer mechanical properties or provide a true 3D

environment.[3373

1 Caco-2 cells grown on hydrogel growth-matrices have been shown to have
higher paracellular permeability than when grown on polyester filters.[*3! This is closer to the
in vivo situation. Gelatin is denatured collagen and when cross-linked by microbial
transglutaminase (mTG), a heat resistant hydrogel can be obtained. [**71 This has been done
with cell cultures such as HepG2 hepatocytes,!*8] mesenchymal stem cells,*®! and adipose
tissue-derived stromal cells.! !

The aim of the presented study was to design and test a set of simple-to-use and easy to

fabricate 12 well plate stackable inserts that addresses most of the current limitations of

transwells and microfluidics technology for connected in vitro cell models.

2. Results and Discussion
2.1 Triple Layered Tissue Models
The design of the triple layered tissue models was inspired by commercially available inserts

for cell culture titer plates. The three layers were designed so that the tissue layers could be



cultured independently of each other and easily assembled before use, e.g. for drug transport

studies.

2.1.1. Principle of the Triple Layered Tissue Models
A completely assembled layered system had in total 36 tissue models (three layers of 12-well
titer plates inserts) organized in 12 independent test sites (Figure 1A). Each well of the three
inserts had a hole where a hydrogel was casted into, resulting in suspended hydrogel growth-
matrices. The suspended hydrogels were utilized as growth matrices for the cell cultures. Cells
grew on the apical side of the hydrogel to model a 2D barrier or inside the gel to achieve a 3D
spheroid culture. The holes for 3D spheroid tissue models were 5 mm in diameter and 4 mm in
depth to support a thick hydrogel resembling a solid tissue. The holes for 2D barrier tissue-
models in each well were 5 mm in diameter and 1 mm in depth to gain a thinner hydrogel. To
support the thin hydrogel, a small cross was lowered 0.5 mm from the edge of the hole to ensure
that the membrane did not bend. This was necessary, since soft and thin gelatin hydrogels have
a tendency to bend which can result in cells detachment.[*!! Critical for drug-transport studies
the inserts were designed to allow for sampling of the medium between each layer (Figure 1C).
This way the drug could be followed all the way through the three tissue models without
disturbing the cell layers. The was also intended to be used for transepithelial electrical
resistance (TEER) measurements.

3D-printed inserts compatible with cell growth were achieved by 3D printing with
Dental LT resin on a Form 2 3D printer. To obtain compatibility with cell growth, the 3D-
printed inserts were thoroughly cleaned (Experimental Section). The cleaning protocol differed
from the manufacturer’s instructions but ensured good biocompatibility at least for the three
tested cell lines (Caco-2, HUVEC, and HepG2). It was found that if the 3D printed inserts were

not cleaned probably, biocompatibility issues arose, resulting in cell detachment (Figure S1).
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The basic design allowed for cells to be matured and cultured before stacking them
together (Figure 1B). Growing each cell line individually would avoid incompatibilities of
mediums.[*?! Stacking tissue models after maturation (Figure 1B-C) in neutral buffer such as
HBSS would minimize impact of different mediums but only sustain shorter tests (hours).
Many organizations of the three insets are possible. Below, we investigate usage of epithelial-
and endothelial-cells and hepatocytes to mimic the first path metabolism of oral drug delivery.
Oher combinations could be endothelial cells, hepatocytes, cancer cells to models drugs injected

in the blood stream, metabolized in the hepatocytes and killing cancer cells.[*!

Intestinal layer

Vascular layer

IP ) Hepatic layer

Figure 1: Schematic illustrations of tissue-model inserts. A) Individual tissue-model inserts with Caco-2 cells in blue, HUVEC
in yellow, and HepG2 in red. Hydrogels are shown in pink. Sampling holes at each level, P1 for sampling under the blue insert,
P2 for sampling under the yellow insert, and P3 for sampling under the red insert. B) Assembly of tissue-model inserts.

Scalebar: 100 um. C) Sideview of assembled tissue-model inserts.



Previously, in vitro microfluidics systems combining cellular barriers and underlying
tissues have been published.!*!**1 However, it is difficult to scale microfluidic devices for
high throughput screening applications, whereas a system based on titer plates is scalable. A
microfluidic system with eight parallel intestinal barrier-models has previously been developed
in our laboratory.[*’! In contrast, the presented method of three 3D-printed inserts allowed for
12 parallel repetitions with three different tissue models in each. Furthermore, the presented
method meets the demand for the possibility of testing microparticles and microfabricated
devices for oral drug delivery that are typically 400 um or larger. '7-'1 This is not possible
with the microfluidic system as these typically have channels in the range of few hundreds pm.
[13,14,21

I Since, the radius of the smallest well of the presented method was 5 mm, microparticles

and microfabricated devices can be tested with this method (Figure S2A).

2.1.2. Casting of Gelatin Hydrogels into the 3D Printed Compartments
Gelatin hydrogels casted into the 3D-printed inserts were used as growth matrixes for the cells.
We have previously functionalized hanging inserts by dipping the inserts into gelatin/mTG
solution.[*!) However, that resulted in thin and flexible gel which was not desired. Instead, a
casting procedure was developed. The holes were closed by 3D-printed pillars covered by
parafilm (Figure S3A). To ensure a tight seal from the pillars, they were placed upon springs
and the inserts were held down by rubber bands (Figure S3B). Afterwards, hydrogel solution
was pipetted into the holes (Figure S3C). After cross-linking and disassembly of the casting
device, the inserts were placed in a standard twelve well-plate with medium (Figure S3D).
The gelatin hydrogel did not need coating since cells can secrete their own extracellular
matrix to provide structural support. Therefore, the biopolymeric matrix only needed to provide

an initial support and set of cues for cell adhesion and growth.[4¢]



2.2. Establishment of an in vitro first pass metabolism model

To demonstrate the principle of the triple layered transport system, the first pass metabolism
was recreated with three different cell lines. The Caco-2 cell line was used to model the small
intestinal barrier. This cell line differentiates spontaneously to polarized enterocyte-like cells
expressing tight junctions, microvilli, and brush border enzymes.[*”) The HUVEC cell line, a

n,"*¥%] was used to model the vascular

primary non-immortalized cell line of human origi
endothelium. HepG2 cells, the most widely used human hepatoma cell line for studying
pharmaco-toxicology,®® was used to model the liver. These cell lines requires different
medium and time in order to develop. Caco-2 developed for three weeks in Dulbecco’s
modified Eagle’s medium (DMEM), HUVECs for two days in endothelial cell growth medium

(ECGM), whereas HepG2 cells were grown for three weeks in Roswell Park Memorial Institute

(RPMI 1640) medium.
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Figure 2: A) Growth of Caco-2 cells on the hydrogel growth-matrix over 20 days. Scalebars: 1000 um. B) Tight junction (ZO-
1) stain of Caco-2 cells on the hydrogel growth-matrix and polyester filters after 20 days. Scalebars: 50 um. C) TEER value
measurements for Caco-2 cells on the hydrogel growth-matrix (mean+SD, n=16) and on polyester filter (mean+SD, n=8) over

three weeks.

2.2.1. Characterization of the Intestinal Layer of Caco-2 cells

Caco-2 cells grown on the hydrogel growth-matrices became a tight and evenly distributed
monolayer after three weeks of growth (Figure 2A, S4). Caco-2 cells on the hydrogel growth-
matrices, as well as on the polyester filters (transwells), expressed the tight-junction protein
zonula occludens-1 (ZO-1) at the cell-cell borders (Figure 2B). The Caco-2 cells grown on the
hydrogel exhibited a slightly bumpy monolayer, and therefore appeared to have small holes in
the layer, where cells were out of focus. The TEER value of Caco-2 cells grown on hydrogel

growth-matrices increased over three weeks to a final value of 5514248 Q cm™ (mean£SD,

n=16). By contrast, Caco-2 cells grown on polyester filters reached 1585+159 Q cm?
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(mean+SD, n=8) (Figure 2C). TEER values for Caco-2 cells grown on soft growth-matrices
such as collagen hydrogels have previously been reported in the range of 400-600 Q cm™ 3351
Hence, the value reported here of 551 Q cm™ is in accordance with what has previously been
reported for Caco-2 cells on soft growth-matrices. Caco-2 cells grown directly on filters, and
these are known to have higher TEER values than corresponding cultures on soft growth-
matrices.[>>>3 TEER values of Caco-2 cells on filters have been shown to be from ~3 times to
~12 times higher than in vivo small intestinal resistance that has been reported to be from 35 -

60 Q cm™.334 However, the TEER value is highly dependent on the measuring equipment

used and consequently it is difficult to make a comparison.!>

A C

Merge Top

Dead Middle Live Middle Merge Middle

Mucleus Dead Bottom Merge Bottom

Figure 3. A) Bright-field microscopy of HUVEC cells on the hydrogel growth-matrix two days after seeding. Scalebar: 1000
um. B) F-actin (green) and nucleus (blue) stain of HUVEC cells on the hydrogel growth-matrix. Scalebars 50 pm. C) Stain of
HepG2 cells grown for 20 days in the hydrogel growth-matrix. The live (green) and dead (red) distributions in the top, middle,

and bottom of the hydrogel. Scalebars: 200 um.
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2.2.2. Characterization of the Endothelial Layer of HUVEC and the Hepatic Layer of HepG2
cells
HUVEC cells have previously been grown in soft growth-matrices to obtain in vitro vascular

networks.%>7

In the presented study, HUVEC cells were grown on top of a hydrogel growth-
matrix to gain a vascular barrier. HUVEC cells were evenly distributed two days after seeding
on the gelatin hydrogel (Figure 4A). Furthermore, HUVEC cells showed elongated profiles
with clearly visible actin fibers (Figure 4B), which are the characteristics of blood vessel in
vivo. However, the HUVEC cells did not display elongation to the same extent as what was
seen previously under flow.[”]

HepG2 cells grown in 3D as spheroids has been shown to have a higher drug sensitivity
than HepG2 cells grown as 2D cell-cultures.*® Hence, a 3D cell-culture would be better to
detect adverse drug effects than a 2D culture. Therefore, the HepG2 cells were grown in 3D in
the hydrogel growth-matrix in the presented system. Single entrapped HepG2 cells grew to
large hepatic spheroids in the hydrogel growth-matrix over three weeks (Figure S5). The
spheroids were largest close to the top and the bottom surfaces of the hydrogel growth-matrix,
whereas in the middle of the hydrogel growth-matrix single dead hepatocytes were visible
(Figure 3C). The stiffness of the hydrogel growth-matrix utilized for growth of the HepG2 cells
was comparable to an in vivo liver,*!l which has a Young’s modulus (E) of approximately 300-
600 Pa.l>% HepG2 spheroids of <200 um took 20 days of culture while spheroids >200 pm
took 27 days (Figure S5). Hepatocytes grown for 20 days were thought to be more suitable for
metabolic and toxic studies, since spheroids >200 pm have been shown to have a hypoxic core
due to insufficient oxygen diffusion,[#6:61:62]
3D cultures have molecular gradients of nutrients and effector molecules, leading to

different phenotypes of the cells located centrally and peripherally in the tissue.l*!#** In the

center of the hydrogel growth-matrix the hepatocytes did not grow most likely caused by lack
11



of oxygen, since oxygen has a relatively low solubility in cell medium whereas gradients of
glucose and amino acids are almost negligible.[* However, dead HepG2 cells were also seen
close to the surface, where they were able to access oxygen and nutrients. This phenomenon
was also observed with HepG2 cells entrapped in gelatin hydrogels with nutrient and oxygen
coming from microfluidic channels through the hydrogel.*!! While Pimentel et al.*!l could not
exclude artefacts from the sacrificial molding process, the data presented here suggest that cells

could have died from competition with the large nearby spheroids for nutrients.

2.3. Drug Transport Across the Triple Layered System

2.3.1. Permeability of the Triple Layered Transport System

To assess the barrier function of the different tissue models lucifer yellow was utilized as a
model compound. Cumulative transport fractions and permeability of lucifer yellow were
measured across cell and hydrogel growth-matrices. The empty hydrogel growth-matrix and
the empty polyester filters displayed similar lucifer yellow transport slopes (Figure 4A).
However, the transport across the hydrogel growth-matrix displayed a delay compared to the
polyester filter indicating that the hydrogel growth-matrix acted as a diffusion barrier. This was
probably due to that the hydrogel growth-matrix was 1 mm thick whereas the polyester filter
was 10 pm thick. Confluent monolayers of Caco-2 cells both the hydrogel growth-matrices and
polyester filters displayed a flat cumulative transported fraction slope (Figure 4A). From the
cumulative transported fraction, the permeability of lucifer yellow across the different cell
barriers was calculated. The barrier function of Caco-2 monolayers on the hydrogel growth-
matrix was assessed by TEER measurements and compared to the lucifer yellow permeability.
A TEER value above 300 Q cm™ was determined as a tight layer because the permeability
dropped approximately 14 times with TEER >300 Q cm™ (Figure 4B). Presumably, because at

this TEER value, the Caco-2 cells became a tight monolayer covering the whole hydrogel
12



growth-matrix. Empty gelatin hydrogels and polyester filters displayed similar high
permeabilities of 3.18x107+4.74x10¢ cm s™! (mean+SD, n=8) and 3.90x10+3.03x10° cm s™!
(meantSD, n=9), respectively (Figure 4C). The permeability of the polyester filter was
significantly more permeable to lucifer yellow (p-value=0.34x10%), as mentioned above due to
the thickness of the hydrogel growth-matrix. Caco-2 cells on hydrogel growth-matrices and
polyester filters showed comparable low permeabilities of 1.22x10+1.30x10¢ cm s
(mean+SD, n=8) (for TEER values >300 Q cm™) and 4.19x107+2.77x10”7 cm s™! (mean+SD,

n=15), respectively. The permeability of lucifer yellow across Caco-2 monolayers on hydrogel

growth-matrices and polyester filers was not found to significant (p-value=0.13).
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Figure 4: A) Cumulative transported fraction of lucifer yellow across Caco-2 cells on the hydrogel growth-matrix (mean+SD,

n=9), empty hydrogel growth-matrices (mean+SD, n=8), Caco-2 cells on polyester filters (mean+SD, n=15), and empty

polyester filters (mean+SD, n=9). B) Permeability of lucifer yellow versus TEER . C) Permeability of lucifer yellow.

A Confluent HUVEC cell layer did not inhibit the transport of lucifer yellow across the

hydrogel growth-matrix (Figure 5A). The permeability of HUVEC cells on the hydrogel

growth-matrix was 2.09x107+6.20x10° cm s!' (mean+SD, n=7) and the permeability for the

empty gel was also 2.09x107°+9.52x10°% cm s”! (mean+SD, n=4) (Figure 5B). This observation
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correlated with the non-measurable TEER value over the HUVEC layer. Both observations
showed that the layer was leaky. This may, to some extent, model the fenestrated endothelial
cells in liver sinusoids that ensure rapid transport of toxic compounds in the blood to the
hepatocytes.[®]

The thicker gelatin hydrogel with entrapped HepG2 cells was a large diffusion barrier
and no transport was observed with or without cells (Figure 5C). The thicker gelatin hydrogel
with entrapped HepG2 cells showed a low lucifer yellow permeability of 1.40x10°+1.12x10¢
cm s (meantSD, n=9) with cells and 1.15x10+1.08x10° cm s™! (mean+SD, n=8) without
cells (Figure 5D). Hence, the liver compartment acted as a sponge for drugs that crossed the
two other compartments. The spheroids did not act as a barrier as the difference between empty
hydrogel growth-matrices and hydrogel growth-matrices containing HepG2 spheroids was not
found to be significantly different (p-value=0.65). A thinner layer or other gels allowing for

higher diffusivity would increase mass transport in the system.
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Figure 5: A) Cumulative transported fraction of lucifer yellow across HUVEC cells on the hydrogel growth-matrix (mean+SD,
n=7) and empty hydrogel growth-matrices (mean+SD, n=4). B) Permeability of lucifer yellow across HUVEC cells on the
hydrogel growth-matrix and empty hydrogel growth-matrices. C) Cumulative transported fraction of lucifer yellow across
HepG2 cells on the hydrogel growth-matrix (mean+SD, n=9) and empty hydrogel growth-matrices (mean+SD, n=8). D)

Permeability of lucifer yellow across HepG2 cells on the hydrogel growth-matrix and empty hydrogel growth-matrices.

2.3.2. Transport of Furosemide and Valacyclovir Across Intestinal Caco-2 Tissue Model
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Furosemide was used as a model drug to show the Caco-2 monolayer as a barrier on the
hydrogel (Figure 6A). Furosemide is a poorly absorbed drug and can be used to compare the
barrier function of the presented method with the in vivo situation. (64

The permeability of furosemide across the Caco-2 cells on the hydrogel growth-matrix
was 1.53x10°+3.34x10”7 cm s~! (mean+SD, n=6), whereas the permeability across the empty
hydrogel growth-matrix was 2.06x107°+1.62x10% cm s (mean+SD, n=5) (p-value=5.7x107%)
(Figure 6B). This is in accordance with what Li et al. observed, as they reported a furosemide

1

permeability of 1.3x10° cm s across a Caco-2 layer.[®”! Pade et al. showed a furosemide

permeability of 1.2x1077 cm s at pH 7.2 across Caco-2 cells on filters,[®® and Hilgendorf et
al. showed a furosemide permeability of 2.9x10”7 cm s at pH 6.5 across Caco-2 cells on
filters.[®”) Nielsen et al. showed a permeability of 8.63x10 cm s™! with an apical pH of 7.4 and

basolateral pH of 6.5,%] and Rege et al. reported 6.8x1077 cm s! with pH 6.8 both apically and
basolaterally.®”]

The higher permeability of furosemide over the Caco-2 cell layer on the hydrogel
growth-matrix compared to filters reported in literature was consistent with higher lucifer
yellow permeability of cells on gels compared to cell on filter (see above). Another explanation
could be that the Caco-2 cells on the hydrogel growth-matrices do not to express the efflux

[70] t the same extent as Caco-2 cells

pump P-glycoprotein, of which furosemide is a substrate,
on the polyester filter. The lower TEER values (Figure 2C) indicated that the increased
permeability of the Caco-2 cells on the hydrogel growth-matrix was caused by a less tight cell
layer compared to Caco-2 cells on a filter. On the other hand, the permeability of furosemide

across the small intestine rat intestine ex vivo was shown to be 6.36 x 10”7 cm s',l"% or little

more than two fold lower compared to the Caco-2 on the hydrogel growth-matrix. Hence, the
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presented setup might be closer to the in vivo situation than Caco-2 cells grown on polyester

filters.
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Figure 6: A: Cumulative transported fraction of furosemide across Caco-2 cells on the hydrogel growth-matrix (mean+SD,
n=4) and empty hydrogel growth-matrices (mean+SD, n=5). B: cells on the hydrogel growth-matrix and empty hydrogel

growth-matrices.

To show that the Caco-2 cell model was tight paracellularly, prodrugs were utilized to
investigate another type of drug transport. Prodrugs are drugs given in inactive forms that can
be activated in the body often with the purpose of improving absorption.[’!! Valacyclovir is a
prodrug derived from acyclovir with incorporation of a valine group making it a substrate for
the hPepT1 transporter of enterocytes in the small intestine.l’”! Transport of valacyclovir and
acyclovir across an empty hydrogel growth-matrix was 9.80£1.23 % , (mean+SD, n=4) and
11.5520.70 % (meantSD, n=4) over 4 h, respectively (Figure 7A). On the hydrogel growth-
matrix with a confluent Caco-2 monolayer, no transport of valacyclovir was detectable due to
a fast conversion to acyclovir resulting in it no longer being a substrate for hPepT1 (Figure 7B).
83.9942.39% (meantSD, n=4) of valacyclovir was degraded to acyclovir in the presence of

Caco-2 cells on the gel over 4 h, whereas only 40.27£2.70% (meantSD, n=4) was converted
18



on top of an empty gel. Since, Caco-2 cells are known to express carboxylesterases which
convert valacyclovir to acyclovir,l”¥! this indicates that the Caco-2 cells differentiate to tight

monolayers with expression of metabolic enzymes.

Caco-2 cells

Hydrogel

growth-matrix growth-matrix

9.80+£1.23 % 11.5540.70 %

Figure 7: A: Transport of valacyclovir and acyclovir across the empty hydrogel growth-matrix (mean+SD, n=4). B: Transport
of valacyclovir and acyclovir across Caco-2 cells on the hydrogel growth-matrix (mean+SD, n=4). Hydrogels are shown in

pink and Caco-2 cells in blue.

3. Conclusion

We report on a 3D-printed triple interconnected in vitro tissue method, which is cheap and easy
to produce and does not rely on tubes and pumps used in microfluidic systems. The presented
method can support various cell types of both hollow and solid tissues. Each individual cell
culture can mature independently, and subsequently be connected for a transport study. In this
way, medium incompatibility is avoided and each cell line can grow optimally. The method
allows for both observing the cell culture growth with bright-field microscopy and end point
staining and confocal microscopic characterization.

We present a method for simulating the first pass metabolism in vitro. This was done by
observing intestinal drug transport via a blood compartment to a liver compartment with
sampling in each individual compartment. Here, it was shown that the permeability of the
intestinal Caco-2 layer was similar to that observed in vivo but different from that of Caco-2 on
a polystyrene filter. The system is compact and flexible and can be scaled to connect different

tissue models. The system can be adjusted to the need of lower or higher cells amount, drug,
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and signal molecule. It is of interest to test longer studies for transport and other applications.
However, medium incompatibilities and direct cross talk between cell layers need to be

carefully considered and characterized.

4. Experimental Section

4.1. Materials

Dental LT resin (Dental LT FLDCLOI) was obtained from Formlabs, Inc. (Somerville,
Massachusetts, USA). High-glucose DMEM, trypsin-ethylenediaminetetraacetic acid (EDTA)
solution (0.5 g L! porcine trypsin and 0.2 g L' EDTA-4Na), ECGM, Penicillin-Streptomycin
(P/S), phosphate-buffered saline (PBS, D8537), RPMI 1640 medium, gelatin, Hoechst 33342
trihydrocloride trihydrate, triton X-100, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium bicarbonate, and bovine serum albumin (BSA) were all obtained from Sigma-
Aldrich (Broendby, Denmark). Non-essential amino acids (NEAA), ZO-1 Rabbit Polyclonal
antibody, Goat anti-Rabbit IgG (H+L) Superclonal Secondary Antibody — Alexa Flour® 488
conjugate, Alexa Flour ™ 594 Phalloidin, LIVE/DEAD™ Viability/Cytotoxicity Kit (L3224),
Hank’s Balanced Salt Solution (HBSS (10X), 12 well Transwell® inserts (pore size 0.4 um)
(Corning), and lucifer yellow (Invitrogen™) was purchased from Thermo Fisher Scientific
(Slangerup, Denmark). Fetal bovine serum (FBS) was obtained from Biowest, SAS (Nuaillé,
France), and T-75 cell culture flasks were purchased from Starstedt (Niimbrecht, Germany).
Human epithelial colon carcinoma (CACO-2 (ECACC 09042001)) cells were acquired from
European Collection of Authenticated Cell Cultures (Salisbury, Great Britain), whereas the
HUVEC cell line was bought from Cell Applications, Inc. (San Diego, California, United
States). Human hepatoma (HepG2) cells were obtained from the European Collection of

Authenticated Cell Cultures (ECACC) through Sigma-Aldrich (Broendby, Denmark).
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Paraformaldehyde (16 %) was purchased from Electron Microscopy Sciences (Pensylvania,
United States). Activa TI tranglutaminase was obtained from Ajinomoto Food Ingredients LLC
(Chicago Illinois, USA). Furosemide (>98% purity) was purchased from Fagron Nordic
(Copenhagen, Denmark), whereas valacyclovir and acyclovir were obtained from TCI Europe

N.V. (Zwijndrecht, Belgium).

4.2. Cell Lines and Growth

Caco-2 cells (passage 40-75) were cultured in T-75 cell culture flasks (Starstedt, Niimbrecht,
Germany) in Dulbecco's DMEM medium with FBS (20 % (v/v)), NEAA (1 % (v/v)), and P/S
(100 U mL! penicillin and 100 pg mL"! streptomycin). HUVEC cells (passage 3-12) were
cultured in endothelial culture medium FBS (10 % (v/v)), and P/S (100 U mL! penicillin and
100 pg mL™! streptomycin). HepG2 cells (passage 100-130) were cultured in RMPI 1640
medium FBS (10 % (v/v)), and P/S (100 U mL™! penicillin and 100 pg mL™! streptomycin).
All the cells were cultured at 37°C and 5 % CO; and split with trypsin-EDTA for 5-10 min upon
80-90 % confluency. Once the cells were detached, trypsin-EDTA were inhibited by addition
of cell culture medium, and a sample was taken for counting the cells (counted with

NucleoCounter NC-200).

4.3. Fabrication of 3D-printed inserts
3D designs were drawn using Fusion 360 (version 1.28.2, Autodesk, San Rafael, California,
USA) and print files were exported in STL format and processed in PreForm (version 2.12.0,
Formlabs, Somerville, Massachusetts, USA) (Figure S2). 3D designs were printed on a
Formlabs Form 2 3D printer (Formlabs, Somerville, Massachusetts, USA).

3D prints for cell cultures were printed in Dental LT resin with a layer thickness of 0.1

mm, and were subsequently cleaned twice in fresh isopropyl alcohol for 1 h and air dried
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overnight. The 3D prints were cured in a Formlabs Form Cure UV-oven (Formlabs, Somerville,
Massachusetts, USA) for 2 h at 60 °C, after which the support structures were cut off followed
by submersion in sterile water for a day. Once the prints were dry, a further 15 min cure at
60 °C for sterilization was performed.

Parts for the casting device were printed using a Prusa i3 MK3 3D printed with a 0.4
mm nozzle, a layer height of 0.2 mm and 15 % infill from PLA filament. Small springs were
placed on the pillars on the board and the plugs coated with parafilm were put on the springs

(Figure S3A).

4.4. Casting of Hydrogels and Seeding of Cells

For casting of hydrogel growth-matrices into, the 3D-printed inserts and casting device
were assembled (Figure S3). Once assembled, 30 puL (for Caco-2 and HUVEC inserts) or 100
uL (for HepG2 inserts) of a mixture of gelatin (5 % w/v) and mTG (5 U mL™! for Caco-2 and
HUVEC or 2.5 U mL™! for HepG2) was added. The hydrogel growth-matrix was crosslinked
for 1 hat 37 °C. Afterwards, the 3D-printed insert was removed from the casting device. Either
10° cells mL! of HepG2 cells were seeded into the hydrogel growth-matrix while casting, or
Caco-2 and HUVEC cells were seeded on top of the hydrogel growth-matrix after casting.
100,000 Caco-2 cells were seeded onto each hydrogel growth-matrix in the 3D-printed inserts
corresponding to ~155,000 cells cm™, whereas polyester filters were seeded with ~140,000
Caco-2 cells corresponding to ~125,000 cells cm?. Both seedings were within the
recommended density.l’* The apical medium was changed between 4 and 16 h after seeding.
In the HUVEC inserts, 200,000 HUVEC cells were also seeded onto each hydrogel growth-
matrix. | mL medium was added on top and below the hydrogel growth-matrix with HepG2

cells. 500 uL was added on top and 1 mL below hydrogel growth-matrices with Caco-2 and
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HUVEC cells. The Caco-2 and HepG2 cells were cultured for three weeks with the medium
exchanged two times a week. The HUVEC cells were seeded two days before use.
After use, the gelatin hydrogels could be dissolved by the use of trypsin which then

made it possible to reuse the 3D printed parts without decreasing the performance of the inserts.

4.5. Staining of F-actin, Live/Dead, and ZO-1 Stains
For F-actin staining, samples were washed for 15 min in PBS followed by fixation in 3 % PFA
in PBS for 30 min at room temperature. PFA was aspirated from the samples and the samples
were incubated with 0.05 % Saponin/1 % BSA in PBS for 30 min at room temperature. The
samples were washed three times in PBS and incubated with phalloidin stain (5 pL diluted in
200 pL PBS) for 20 min at room temperature. The samples were washed three times in PBS
and left in PBS.

For ZO-1 staining, cells were washed for 15 min in PBS followed by fixation in 3 %
PFA in PBS for 30 min at room temperature. PFA was aspirated and the samples were incubated
in 3 % BSA in PBS for 15 min at room temperature. Afterwards, the samples were washed three
times in PBS and incubated with 5 pg/mL primary antibody in PBS with 0.1 % Triton X-100
for 1 h at room temperature. This was followed by three washes in PBS. The secondary antibody
in PBS (1:1000) with 0.1 % Triton X-100 was added and incubated for 1 h at room temperature.
The samples were then washed three times in PBS and left in PBS.

For nuclei staining, samples were washed three times with PBS and 1 pg mL! Hoechst
33342 in PBS was added and incubated for 10 min at room temperature. The samples were then
washed three times in PBS and left in PBS.

For live/dead staining, the hydrogel growth-matrices were cut out of the 3D-printed
inserts and cut in half length wise. Subsequently, the samples were washed three times in PBS

and stain in 500 pL of a solution with ethidium homodimer-1 (8 nM) and calcein (4 mM) for 1
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h at room temperature. The samples were washed in PBS two times and then kept in 200 pL

PBS to keep the hydrogel growth-matrices moisturized.

4.6. Confocal Microscopy F-actin, Live/Dead, and ZO-1 Stains
Confocal micrographs were obtained using a LSM 700 scanning confocal microscope (Carl
Zeiss Microlmaging GmbH, 37081 Gottingen, Germany) with the following objectives; EC
Epiplan-NEOFLUAR 10x/0.25 HD, EC Epiplan-NEOFLUAR 5x/0.13 HD, and EC Epiplan-
NEOFLUAR 10x/0.5 HD. 100 pL of PBS was added around the hydrogel growth-matrices
when performing microscopy to keep them moisturized. The obtained confocal micrographs
were fitted with scalebars and Z-stacks were processed in Fiji by Z-projections of maximum
intensities. "]

Phase contrast bright-field micrographs were obtained using a Ziess Primovert
microscope (Carl Zeiss Microlmaging GmbH, 37081 Gottingen, Germany) with the following
objective: Plan-Achromat 4x/0.10. The obtained micrographs were fitted with scalebars in

Fiji.!

4.7. Transport Studies of, Lucifer Yellow, Furosemide, and Valacyclovir

4.7.1. TEER measurements

An EVOM2 epithelial Volt/Ohm meter (World Precision Instruments, Sarasota, Florida, USA)
was used to assess the resistance between the apical and the basolateral surfaces on confluent
cell monolayers. The resistance of the monolayers was corrected by subtracting the resistance
of an average (n=3) from blank wells without cells:

Rsampie — Rpiank = Reettiayer (1)

To normalize the resistance to the area, the area was multiplied by the resistance to obtain

resistance values in Q cm?. The area of the hydrogel growth-matrix was 0.2 cm? and the area
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of the commercial 12 well transwell plates was 1.13 cm?. From the TEER study over time, an
average blank was obtained to be 130 Q cm? for conventional transwells and 160 Q cm? for

hydrogel transwells.

4.7.2. Lucifer Yellow Transport

The three 3D-printed inserts were assembled for transport studies with lucifer yellow. Each
compartment had 1 mL of preheated (to 37°C) HBSS transport buffer (HBSS (1X), Sodium
bicarbonate (0.0375 % w/v), HEPES (10 mM), BSA ( 0.05 % w/v, pH 7.4) while the transport
study was performed at 37 °C with 100 rounds per minute (rpm) shaking. 2.25 uM lucifer
yellow was added apically of the tissue model which transport across was investigated. The
transport study was performed for 2 h for Caco-2 and HUVEC cells and 3 h HepG2 cells.
Samples of 50 pL were taken and 50 pL HBSS transport buffer was added every 30 min for
Caco-2 and HUVEC cells and 40 min HepG2 cells. After the transport experiment, the samples
were measured with a TECAN spark plate reader by using an excitation of 428 nm and

measuring emission at 536 nm.

4.7.3. Furosemide Transport through the Caco-2 cells

The three 3D-printed inserts were assembled for transport studies with furosemide. Each
compartment had 1 mL of preheated (to 37°C) HBSS transport buffer while the transport study
was performed. 0.75 mg mL™! furosemide was added to the apical compartment. The transport
study was performed for 4 h at 37 °C. Samples of 50 uL were taken and 50 L HBSS transport
buffer every 30 min for the first 2 h and every 60 min for the last 2 h. HPLC analysis was
performed of the samples just after the experiments following a previous established method,!”®!

with slight differences. The HPLC analysis was performed on a Shimadzu HPLC system

consisting of a CBM-20A system controller, SIL-20AC HT auto sampler, LC-20AD pump,
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DGU-20A5R degassing unit, CTO-20AC column oven, RID-20A refractive index detector, and
SPD-30A photodiode array detector. A Phenomenex Kinetex ® C18 column (100 x 4.6 mm, 5
um) was used, whereas the mobile phase consisted of purified water, methanol and phosphoric
acid in a ratio of 49:50:1 v/v/v. The injection volume was 10 uL with a flow rate of 0.7 mL/min
and a temperature of 25 °C. The furosemide content of the samples was identified using UV

detection at a wavelength of 254 nm.

4.7.4 HPLC of valacyclovir and acyclovir

The three 3D-printed inserts were assembled for transport studies with valacyclovir and
acyclovir. Each compartment had 1 mL of preheated (to 37°C) HBSS transport buffer while the
transport study was performed. 0.5 mgmL™! valacyclovir was added to the apical compartment.
The transport study was performed for 4 h at 37 °C. Samples of 50 pL were taken and 50 pL
HBSS transport buffer every 30 min for the first 2 h and every 60 min for the last 2 h.
Valacyclovir and acyclovir samples were analyzed using the same HPLC protocol as for
furosemide. However, the mobile phase consisted of PBS at pH 5 and methanol in a ratio of
75:25 v/v."1 The injection volume was 10 pL with a flow rate of 0.7 mL min" and a
temperature of 40 °C. The valacyclovir/acyclovir content of samples was identified using UV

detection at a wavelength of 254 nm.

4.7.5 Calculation of Transport Rates
From transport studies with the triple layered tissue models the cumulative transported fraction

(P2

and the permeability were calculated by the following equations. Where, “a” refers to the

compartment above the Caco-2 layer, “b” to the compartment above the HUVEC layer, “c” is

the compart above the HepG2 layer, and “d” is the compartment below the HepG2 layer.
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Transport Across the Intestinal layer

The donor concentration for drug transport a to b was calculated by:

CR(D)=FXCR(E )XV
Cp(t) = Cp(ti-1) — Cr fxv}; il (2)

Where, Vr is the receiver volume, Vp is the donor volume, Cr(t) is the receiver concentration

at the timepoint the donor concentration is being determined for, and f is defined by:
—1_5
f=1-20)
Where, Vs is the sampling volume. The receiver concentration was calculated from the

concentrations in each compartment at a given time:

CR (t) — [b(t)]XVR+[C(t‘)/]:VR+[d(t)]XVR (4)

The cumulative transported fraction was calculated from the donor and receiver concentrations

with the following equation:

_1 i [CrR(t)—fXCRr(tr_1)IXVR,
CTE(t) = A X Lk=1 [Cp(tg—1)+Cp(tr)]/2 ©)

Where, A is the area of the barrier. A linear curve fit of the cumulative transported fraction
gives the permeability coefficient.

The receiver concentration was corrected for calculating basolateral to apical flow:

Cr(t) = [a()] (6)

Transport Across the Endothelial Layer

The donor concentration for drug transport from b to ¢ was calculated by:

Co(O)-fXColti)IXV
Cp(t) = Cp(ti—q) — o fo(; PXVr (7)

Where Co is the total concentration in the other compartments at a given time calculated by:

IXVR+[c(®)|xVR+[d(t)]xVg

la(t)
Co(t) == o
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The receiver concentration was calculated from the concentrations in the receiving

compartments ¢ and d:

c(O)IXVR+[d()IXVR
VR

Cr(®) =1 9)

The cumulative transported fraction was calculated from the receiver and donor concentration
using equation (5) and the permeability coefficient was obtained from the curve of the
cumulative transported fraction.

The receiver concentration was corrected for calculating basolateral to apical flow:

CR (t) — [a(t)]XVRV';[b(t)]XVR (10)

Transport Across the Hepatic Layer
The donor concentration for drug transport from c to d was calculated by equation (7),

where Co is calculated by:

[a(®IxXVRr+[b(O)]XVR+[d(D)]XVR

CH =
0 v

(11

The receiver concentration was calculated from the concentrations in the receiving
compartment d at a given time:

Cr(t) = [d(D)] (12)

From the receiver and donor concentration, the cumulative transported fraction was calculated
using equation (5) and the permeability coefficient was obtained from the curve of the

cumulative transported fraction.

4.8. Statistical analysis
The data are presented as sample size (n), mean+SD. Calculations were done using RStudio

(Version 1.2.5001, RStudio, Inc.) and Microsoft Excel (Version 15.41, Microsoft Office,
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Seattle, Washington). P-values were obtained using a Two sample T-test and determined

significant different when p-value<0.05.
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Figure S1: Growth of Caco-2 cells over 21 days on hydrogel growth-matrices when the 3D-

printed inserts are not probably cleaned. Scalebars: 1000 pm.
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Figure S2: Technical drawing of 3D-printed inserts used for A) Caco-2, B) HUVEC, and C)

HepG2 cells. D: Technical drawing of casting device. E: Technical drawing pillars used as
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plugs for 3D-printed insert for Caco-2 cells. E: Technical drawing pillars used as plugs 3D-

printed insert for HUVEC and HepG2 cells. @: Diameter, R: Radius. Measurements in mm.
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Figure S3: A: Springboard with pillars. B: Transport inserts clamped with rubber bands to the
springboard. C: Casting of hydrogel in transport inserts. D: transport inserts removed from

springboard and placed in a standard well plate.
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Figure S4: Growth of Caco-2 cells over 20 days on hydrogel growth-matrices. Scalebars: 500

pm.
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Figure S5: Images obtained by confocal microscopy representing growth of hepatic HepG2

spheroids over 6, 13, 20 and 27 days. Scalebars: 50 um
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	To demonstrate the principle of the triple layered transport system, the first pass metabolism was recreated with three different cell lines. The Caco-2 cell line was used to model the small intestinal barrier. This cell line differentiates spontaneou...
	Figure 2: A) Growth of Caco-2 cells on the hydrogel growth-matrix over 20 days. Scalebars: 1000 µm. B) Tight junction (ZO-1) stain of Caco-2 cells on the hydrogel growth-matrix and polyester filters after 20 days. Scalebars: 50 µm. C) TEER value measu...
	2.2.1. Characterization of the Intestinal Layer of Caco-2 cells
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	Figure 3. A) Bright-field microscopy of HUVEC cells on the hydrogel growth-matrix two days after seeding. Scalebar: 1000 µm. B) F-actin (green) and nucleus (blue) stain of HUVEC cells on the hydrogel growth-matrix. Scalebars 50 µm. C) Stain of HepG2 c...
	2.2.2. Characterization of the Endothelial Layer of HUVEC and the Hepatic Layer of HepG2 cells
	HUVEC cells have previously been grown in soft growth-matrices to obtain in vitro vascular networks.[56,57] In the presented study, HUVEC cells were grown on top of a hydrogel growth-matrix to gain a vascular barrier. HUVEC cells were evenly distribut...
	HepG2 cells grown in 3D as spheroids has been shown to have a higher drug sensitivity than HepG2 cells grown as 2D cell-cultures.[58] Hence, a 3D cell-culture would be better to detect adverse drug effects than a 2D culture. Therefore, the HepG2 cells...
	3D cultures have molecular gradients of nutrients and effector molecules, leading to different phenotypes of the cells located centrally and peripherally in the tissue.[31,46] In the center of the hydrogel growth-matrix the hepatocytes did not grow mo...
	2.3. Drug Transport Across the Triple Layered  System
	2.3.1.  Permeability of the Triple Layered Transport System
	To assess the barrier function of the different tissue models lucifer yellow was utilized as a model compound. Cumulative transport fractions and permeability of lucifer yellow were measured across cell and hydrogel growth-matrices. The empty hydrogel...
	Figure 4: A) Cumulative transported fraction of lucifer yellow across Caco-2 cells on the hydrogel growth-matrix (mean±SD, n=9), empty hydrogel growth-matrices (mean±SD, n=8), Caco-2 cells on polyester filters  (mean±SD, n=15), and empty polyester fi...
	A Confluent HUVEC cell layer did not inhibit the transport of lucifer yellow across the hydrogel growth-matrix (Figure 5A). The permeability of HUVEC cells on the hydrogel growth-matrix was 2.09(10-5(6.20(10-6 cm s-1 (mean(SD, n=7) and the permeabilit...
	The thicker gelatin hydrogel with entrapped HepG2 cells was a large diffusion barrier and no transport was observed with or without cells (Figure 5C). The thicker gelatin hydrogel with entrapped HepG2 cells showed a low lucifer yellow permeability of ...
	Figure 5: A) Cumulative transported fraction of lucifer yellow across HUVEC cells on the hydrogel growth-matrix (mean±SD, n=7) and empty hydrogel growth-matrices (mean±SD, n=4). B) Permeability of lucifer yellow across HUVEC cells on the hydrogel grow...
	2.3.2.  Transport of Furosemide and Valacyclovir Across Intestinal Caco-2 Tissue Model
	Furosemide was used as a model drug to show the Caco-2 monolayer as a barrier on the hydrogel (Figure 6A). Furosemide is a poorly absorbed drug and can be used to compare the barrier function of the presented method with the in vivo situation. [64]
	The permeability of furosemide across the Caco-2 cells on the hydrogel growth-matrix was 1.53(10-6(3.34(10-7 cm s–1 (mean(SD, n=6), whereas the permeability across the empty hydrogel growth-matrix was 2.06(10-5(1.62(10-6 cm s-1 (mean(SD, n=5) (p-value...
	The higher permeability of furosemide over the Caco-2 cell layer on the hydrogel growth-matrix compared to filters reported in literature was consistent with higher lucifer yellow permeability of cells on gels compared to cell on filter (see above). A...
	Figure 6: A: Cumulative transported fraction of furosemide across Caco-2 cells on the hydrogel growth-matrix (mean±SD, n=4) and empty hydrogel growth-matrices (mean±SD, n=5). B: cells on the hydrogel growth-matrix and empty hydrogel growth-matrices.
	To show that the Caco-2 cell model was tight paracellularly, prodrugs were utilized to investigate another type of drug transport. Prodrugs are drugs given in inactive forms that can be activated in the body often with the purpose of improving absorpt...
	Figure 7: A: Transport of valacyclovir and acyclovir across the empty hydrogel growth-matrix (mean±SD, n=4). B: Transport of valacyclovir and acyclovir across Caco-2 cells on the hydrogel growth-matrix (mean±SD, n=4). Hydrogels are shown in pink and C...
	3. Conclusion
	We report on a 3D-printed triple interconnected in vitro tissue method, which is cheap and easy to produce and does not rely on tubes and pumps used in microfluidic systems. The presented method can support various cell types of both hollow and solid ...
	We present a method for simulating the first pass metabolism in vitro. This was done by observing intestinal drug transport via a blood compartment to a liver compartment with sampling in each individual compartment. Here, it was shown that the permea...
	4. Experimental Section
	4.1. Materials
	Dental LT resin (Dental LT FLDCL01) was obtained from Formlabs, Inc. (Somerville, Massachusetts, USA). High-glucose DMEM, trypsin-ethylenediaminetetraacetic acid (EDTA) solution (0.5 g L-1 porcine trypsin and 0.2 g L-1 EDTA-4Na), ECGM, Penicillin-Stre...
	4.2. Cell Lines and Growth
	Caco-2 cells (passage 40-75) were cultured in T-75 cell culture flasks (Starstedt, Nümbrecht, Germany) in Dulbecco's DMEM medium with FBS (20 % (v/v)), NEAA (1 % (v/v)), and P/S (100 U mL-1 penicillin and 100 µg mL-1 streptomycin). HUVEC cells (passag...
	All the cells were cultured at 37˚C and 5 % CO2 and split with trypsin-EDTA for 5-10 min upon 80-90 % confluency. Once the cells were detached, trypsin-EDTA were inhibited by addition of cell culture medium, and a sample was taken for counting the cel...
	4.3. Fabrication of 3D-printed inserts
	3D designs were drawn using Fusion 360 (version 1.28.2, Autodesk, San Rafael, California, USA) and print files were exported in STL format and processed in PreForm (version 2.12.0, Formlabs, Somerville, Massachusetts, USA) (Figure S2). ﻿3D designs wer...
	3D prints for cell cultures were printed in Dental LT resin with a layer thickness of 0.1 mm, and were subsequently cleaned twice in fresh isopropyl alcohol for 1 h and air dried overnight. The 3D prints were cured in a Formlabs Form Cure UV-oven (For...
	Parts for the casting device were printed using a Prusa i3 MK3 3D printed with a 0.4 mm nozzle, a layer height of 0.2 mm and 15 % infill from PLA filament. Small springs were placed on the pillars on the board and the plugs coated with parafilm were p...
	4.4. Casting of Hydrogels and Seeding of Cells
	For casting of hydrogel growth-matrices into, the 3D-printed inserts and casting device were assembled (Figure S3). Once assembled, 30 µL (for Caco-2 and HUVEC inserts) or 100 µL (for HepG2 inserts) of a mixture of gelatin (5 % w/v) and mTG (5 U mL-1 ...
	After use, the gelatin hydrogels could be dissolved by the use of trypsin which then made it possible to reuse the 3D printed parts without decreasing the performance of the inserts.
	4.5. Staining of F-actin, Live/Dead, and ZO-1 Stains
	For F-actin staining, samples were washed for 15 min in PBS followed by fixation in 3 % PFA in PBS for 30 min at room temperature. PFA was aspirated from the samples and the samples were incubated with 0.05 % Saponin/1 % BSA in PBS for 30 min at room ...
	For ZO-1 staining, cells were washed for 15 min in PBS followed by fixation in 3 % PFA in PBS for 30 min at room temperature. PFA was aspirated and the samples were incubated in 3 % BSA in PBS for 15 min at room temperature. Afterwards, the samples we...
	For nuclei staining, samples were washed three times with PBS and 1 µg mL-1 Hoechst 33342 in PBS was added and incubated for 10 min at room temperature. The samples were then washed three times in PBS and left in PBS.
	For live/dead staining, the hydrogel growth-matrices were cut out of the 3D-printed inserts and cut in half length wise. Subsequently, the samples were washed three times in PBS and stain in 500 µL of a solution with ethidium homodimer-1 (8 nM) and ca...
	4.6. Confocal Microscopy F-actin, Live/Dead, and ZO-1 Stains
	Confocal micrographs were obtained using a LSM 700 scanning confocal microscope (Carl Zeiss MicroImaging GmbH, 37081 Gottingen, Germany) with the following objectives; EC Epiplan-NEOFLUAR 10x/0.25 HD, EC Epiplan-NEOFLUAR 5x/0.13 HD, and EC Epiplan-NEO...
	Phase contrast bright-field micrographs were obtained using a Ziess Primovert microscope (Carl Zeiss MicroImaging GmbH, 37081 Gottingen, Germany) with the following objective: Plan-Achromat 4x/0.10. The obtained  micrographs were fitted with scalebars...
	4.7. Transport Studies of, Lucifer Yellow, Furosemide, and Valacyclovir
	4.7.1. TEER measurements
	An ﻿EVOM2 epithelial Volt/Ohm meter (World Precision Instruments, Sarasota, Florida, USA) was used to assess the resistance between the apical and the basolateral surfaces on confluent cell monolayers. The resistance of the monolayers was corrected by...
	,𝑅-𝑠𝑎𝑚𝑝𝑙𝑒.−,𝑅-𝑏𝑙𝑎𝑛𝑘.=,𝑅-𝑐𝑒𝑙𝑙 𝑙𝑎𝑦𝑒𝑟. (1)
	To normalize the resistance to the area, the area was multiplied by the resistance to obtain resistance values in ( cm2. The area of the hydrogel growth-matrix was 0.2 cm2 and the area of the commercial 12 well transwell plates was 1.13 cm2. From the ...
	4.7.2. Lucifer Yellow Transport
	The three 3D-printed inserts were assembled for transport studies with lucifer yellow. Each compartment had 1 mL of preheated (to 37˚C) HBSS transport buffer (HBSS (1X), Sodium bicarbonate (0.0375 % w/v), HEPES (10 mM), BSA ( 0.05 % w/v, pH 7.4) while...
	4.7.3. Furosemide Transport through the Caco-2 cells
	The three 3D-printed inserts were assembled for transport studies with furosemide. Each compartment had 1 mL of preheated (to 37˚C) HBSS transport buffer while the transport study was performed. 0.75 mg mL-1 furosemide was added to the apical compartm...
	4.7.4 HPLC  of valacyclovir and acyclovir
	The three 3D-printed inserts were assembled for transport studies with valacyclovir and acyclovir. Each compartment had 1 mL of preheated (to 37˚C) HBSS transport buffer while the transport study was performed.  0.5 mg mL-1 valacyclovir was added to t...
	4.7.5 Calculation of Transport Rates
	From transport studies with the triple layered tissue models the cumulative transported fraction and the permeability were calculated by the following equations. Where, “a” refers to the compartment above the Caco-2 layer, “b” to the compartment above...
	Transport Across the Intestinal layer
	The donor concentration for drug transport a to b was calculated by:
	,𝐶-𝐷.,𝑡.=,𝐶-𝐷.,,𝑡-𝑖−1..−,[,𝐶-𝑅.,𝑡.−𝑓×,𝐶-𝑅.,,𝑡-𝑖−1..]×,𝑉-𝑅.-,𝑉-𝐷.. (2)
	Where, VR is the receiver volume, VD is the donor volume, CR(t) is the receiver concentration at the timepoint the donor concentration is being determined for, and f is defined by:
	𝑓=1−,,𝑉-𝑆.-,𝑉-𝑅.. (3)
	Where, VS is the sampling volume. The receiver concentration was calculated from the concentrations in each compartment at a given time:
	,𝐶-𝑅.,𝑡.=,,𝑏(𝑡).×,𝑉-𝑅.+,𝑐(𝑡).×,𝑉-𝑅.+[𝑑(𝑡)]×,𝑉-𝑅.-,𝑉-𝑅.. (4)
	The cumulative transported fraction was calculated from the donor and receiver concentrations with the following equation:
	𝐶𝑇𝐹,𝑡.=,1-𝐴.×,𝑘=1-𝑖-,[,𝐶-𝑅.,,𝑡-𝑘..−𝑓×,𝐶-𝑅.,,𝑡-𝑘−1..]×,𝑉-𝑅.-,,𝐶-𝐷.,,𝑡-𝑘−1..+,𝐶-𝐷.,,𝑡-𝑘.../2..(5)
	Where, A is the area of the barrier. A linear curve fit of the cumulative transported fraction gives the permeability coefficient.
	The receiver concentration was corrected for calculating basolateral to apical flow:
	,𝐶-𝑅.,𝑡.=,𝑎(𝑡). (6)
	Transport Across the Endothelial Layer
	The donor concentration for drug transport from b to c was calculated by:
	,𝐶-𝐷.,𝑡.=,𝐶-𝐷.,,𝑡-𝑖−1..−,[,𝐶-𝑂.,𝑡.−𝑓×,𝐶-𝑂.,,𝑡-𝑖−1..]×,𝑉-𝑅.-,𝑉-𝐷.. (7)
	Where CO is the total concentration in the other compartments at a given time calculated by:
	,𝐶-𝑂.(𝑡)=,,𝑎(𝑡).×,𝑉-𝑅.+,𝑐(𝑡).×,𝑉-𝑅.+[𝑑(𝑡)]×,𝑉-𝑅.-,𝑉-𝑅.. (8)
	The receiver concentration was calculated from the concentrations in the receiving compartments c and d:
	,𝐶-𝑅.,𝑡.=,,𝑐(𝑡).×,𝑉-𝑅.+[𝑑(𝑡)]×,𝑉-𝑅.-,𝑉-𝑅.. (9)
	The cumulative transported fraction was calculated from the receiver and donor concentration using equation (5) and the permeability coefficient was obtained from the curve of the cumulative transported fraction.
	The receiver concentration was corrected for calculating basolateral to apical flow:
	,𝐶-𝑅.,𝑡.=,,𝑎(𝑡).×,𝑉-𝑅.+[𝑏(𝑡)]×,𝑉-𝑅.-,𝑉-𝑅.. (10)
	Transport Across the Hepatic Layer
	The donor concentration for drug transport from c to d was calculated by equation (7),
	where CO is calculated by:
	,𝐶-𝑂.=,,𝑎(𝑡).×,𝑉-𝑅.+,𝑏(𝑡).×,𝑉-𝑅.+[𝑑(𝑡)]×,𝑉-𝑅.-,𝑉-𝑅.. (11)
	The receiver concentration was calculated from the concentrations in the receiving compartment d at a given time:
	,𝐶-𝑅.,𝑡.=[𝑑(𝑡)] (12)
	From the receiver and donor concentration, the cumulative transported fraction was calculated using equation (5) and the permeability coefficient was obtained from the curve of the cumulative transported fraction.
	4.8. Statistical analysis
	The data are presented as sample size (n), mean(SD. Calculations were done using RStudio (Version 1.2.5001, RStudio, Inc.) and Microsoft Excel (Version 15.41, Microsoft Office, Seattle, Washington). P-values were obtained using a Two sample T-test and...
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