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Abstract

Oral drug delivery is the preferred drug administration route, however, many
oral drugs are rejected during in vivo studies. Before an oral drug reaches
the systemic circulation, it is exposed to first pass metabolism which reduces
the amount of active drug reaching its target. The first pass metabolism is a
combination of the gastrointestinal tract which absorbs the drug into the blood
vessels which transport the drug to the liver which metabolizes the drug. In
drug discovery, good prediction of the first pass metabolism can help to select
the best oral drugs and formulations for the subsequent in vivo studies.

To predict the first pass metabolism, three in vitro cell-based tissue models
have been developed throughout this PhD project. The cells are grown on or in
soft hydrogel growth-matrices in 3D-printed inserts which are compatible with
commercial titer plates. To secure in vivo-like growth matrices, a method for
measuring hydrogel stiffness has been developed and employed to characterize
the hydrogel growth-matrices. The Caco-2 cell line, HUVEC cells, and the
HepG2 cell line are used in this project to simulate the small intestinal tissue,
the vascular tissue and the liver tissue, respectively. The 3D-printed inserts
with each their tissue model can easily be connected by assembling the inserts
on top of each other. This allows for investigation of interactions between the
tissues.

The Caco-2 small intestinal tissue model displays drug permeabilities com-
parable to what is previously seen for this cell line. However, the electrical
resistance is closer to that found in vivo then other Caco-2 based models. The
HUVEC vascular endothelial tissue model only serves as a diffusional barrier.
This tissue model can in the future be improved by addition of shear stress
to gain in vivo-like flow resembling the bloodstream. The HepG2 liver tissue
model grows as spheroids in 3D giving the hepatic cells gradients of nutrients
resembling the in vivo liver tissue.

In conclusion, this PhD project covers an in vitro method for predicting
the first pass metabolism of drugs. Potentially, this method can increase the
success rate of in vivo studies and reduce drug development costs.
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Resumé

Orale lægemidler er den foretrukne lægemiddel administrationsvej, men mange
orale lægemidler bliver frasorteret ved in vivo-studier. Før et oral lægemid-
del når det systemiske blodkredsløb, undergår det førstepassage-metabolisme,
hvilket reducerer mængden af aktivt lægemiddel, der når dets mål. Førstepassage-
metabolismen er en kombination af mavetarmsystemet, der absorberer lægemi-
dlet til blodkarrerne, der transporterer lægemidlet til leveren, der nedbryder
lægemidlet. I lægemiddeludvikling kan en god forudsigelse af førstepassage-
metabolismen hjælpe med at udvælge de bedste lægemidler og formuleringer
til efterfølgende in vivo-studier.

For at forudse førstepassage-metabolismen er tre in vitro-cellebaserede
vævsmodeller blevet udviklet i dette PhD-projekt. Cellerne vokser på eller i
en blød hydrogel-vækstmatrix i 3D-printede holdere, der passer i kommercielle
brøndplader. For at sikre in vivo-lignende vækst-matricer er en metode til at
karakterisere hydrogel hårdhed blevet udviklet og brugt til at måle hydrogel-
vækstmatricer. Caco-2-cellelinjen, HUVEC-celler og HepG2-cellelinjen er brugt
i dette projekt til at simulere tyndtarmsvæv, vaskulært væv og levervæv. De
3D-printede holdere med hver sin vævsmodel kan nemt forbindes ved at samle
dem oven på hinanden. Dette giver mulighed for at undersøge interaktioner
mellem vævene.

Tyndtarmsmodellen af Caco-2-celler har lægemiddel-permeabilitet tæt op
ad det, der før er set for denne cellelinje. Dog er den elektriske modstand i
den præsenterede model tættere på det, man ser in vivo end andre Caco-2-
modeller. Den vaskulære endotelmodel af HUVEC-celler tjener kun som en
diffusionsbarriere. Denne vævsmodel kan i fremtiden forbedres ved at tilføje
shear stress for at opnå et in vivo-lignende flow, der minder om blodkredslø-
bet. Levermodellen af HepG2-celler vokser som sfæroider i 3D. Dette giver
hepatocytterne gradienter af næringsstoffer som minder om det, man finder i
in vivo levervæv.

Dette PhD-projekt præsenterer en in vitrometode til at forudsige førstepassage-
metabolisme af lægemidler. Denne metode kan potentielt øge succesraten af
in vivo-studier og reducere omkostningerne ved lægemiddeludvikling.
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Chapter 1

Introduction

This introductory chapter provides an overview of the field of oral drug ad-
ministration. The chapter focuses on the oral drug route and how different
tissues affect how much active drug reaches its target.

Drug development is a long and expensive process. The average cost of bring-
ing a new drug to the market is ∼$1.8-2.6 billion. [1,2] The steps of developing
a new drug include drug discovery, formulation, pre-clinical testing, clinical
trials, and regulatory approval (Figure 1.1).

Figure 1.1: Schematic representation of the individual step in drug discovery and
development processes. Reprinted with permission from. [3]

Early in drug discovery, a biological target is identified such as a receptor,
protein, or gene. [3] This is followed by development and optimization of drug
formulation and the drug’s target specificity. Pre-clinical testing includes in
vitro cell studies and in vivo animal studies. In vitro studies are used to ob-
tain information about drug absorption and metabolism and drug interactions
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affecting metabolism. [4] This is collected under the common abbreviation ab-
sorption, distribution, metabolism, and excretion (ADME). Absorption covers
how well a drug is absorbed into the systemic circulation of the body. Distri-
bution covers how the drug is carried to its effector site. Metabolism covers
how certain mechanisms in the body change the drug such as inactivation or
activation. Excretion covers how the drug and its metabolites are removed
from the body.

A good in vitro prediction of ADME helps foresee how a drug will behave
during in vivo studies. However, 90 % of lead drug candidates identified
using in vitro methods fail to reach the market. [4,5] As, they are rejected in
in vivo studies, clinical trials, and regulatory approval. Currently, ADME
studies are performed with cell cultures modeling single tissues, however, in
vivo tissues affect drugs in synergy. For instance, efficient drug distribution
in systemic circulation leads to a large concentration gradient which favorizes
further absorption and metabolized drugs can be excrete more efficient.

In summary, better modeling of ADME in the pre-clinical phase can help
to identify the best drug candidates for in vivo studies thereby reducing the
overall cost of drug development.

1.1 Drug Delivery

When treating a disease with a drug, the drug must reach its target in its
active form to have the desired effect. There are several ways to administer
drugs depending on the characteristics of the given drug and the target. The
main focus of this chapter is on how drugs get from outside of the body to
systemic circulation and not on how the target is reached once the drug is in
systemic circulation.

The four main groups of drug delivery include enteral (i.e. oral), parenteral
(e.g. intravenous (IV)), mucous membrane (e.g. lungs), and transdermal
delivery (e.g. skin). [6] The tissues of the gastrointestinal tract are mucosal,
however, this route is excluded from the mucous membrane drug delivery
group. The oral route is excluded from the mucous membrane route because
orally administered drugs go through the harsh gastrointestinal environment
and can be metabolism in the liver before reaching systemic circulation.

The oral drug route is preferred due to its convenience, low costs, safety,
and high patient compliance. [7,8] When patients are given a drug that has
the same efficacy and side effects orally and IV administrated, they prefer
the oral. [9,10] Oral administration can be perceived more convenient by the
patient, since they have the possibility to stay at home during the treatment
and can easily continue their jobs compared to IV treatment where they would
need to go to the hospital. [11] The treatment costs can be lowered due to
avoidance of hospitalization, sterile manufacturing, and assistance of trained
personal. [8] This preference of oral drugs has led to that the pharmaceutical
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market is composed of 60 % oral drugs. [12] However, for some drugs such as
macromolecular drugs (e.g. insulin) oral drug delivery can be a challenge due
to their large size. [13,14] Whereas, for the anabolic steroid testosterone the
challenge is extensive metabolism in the liver. [15] Hence, there is a need to
gather information to identify why drugs fail in oral delivery and to evaluate
attempts to increase the amount of active drug reaching systemic circulation.

In summary, there is a large market and interest from patients in oral drug
delivery, but there are still major challenges in delivering some drugs orally.
It is of interest to gain information on oral drug delivery and find causes of
and solutions to the challenges.

1.1.1 The Oral Drug Delivery Route

Bioavailability, for a drug administered by a given delivery route, is a measure
of amount of active drug reaching systemic circulation compared to the given
drug dose. [16] For orally administered drugs the first pass metabolism affects
the oral bioavailability. The first pass metabolism is what orally administered
drugs go through before reaching systemic circulation. It can cause some
drugs to have a low bioavailability either by hindering a drug in reaching
circulation or inactivating the drug before it reaches circulation. [17] Orally
administered drugs are swallowed and absorbed through the gastrointestinal
tract. The gastrointestinal tract consists of the mouth, esophagus, stomach,
small intestine, colon, and appendix (Figure 1.2A).

Figure 1.2: Schematic representation of the oral administration pathway: A) Orally
administered drugs are swallowed and travel to the small intestine. B) The blood
stream carries the drugs to the liver before reaching systemic circulation.

Depending on the drug and the absorption strategy, absorption can be
through different organs. Oral drugs can be absorbed through the stomach, [18]
small intestine, and colon. [19] However, 90 % of nutrient absorption takes
place in the small intestine and it is the main site of drug absorption. [20]
From the gastrointestinal tract drugs travel via the portal vein to the liver
(Figure 1.2B) [21]. In the liver the drugs will undergo further metabolism
before reaching systemic circulation. [22]
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The Small Intestine

The small intestine consists of three sections duodenum, jejunum, and ileum. [19,23]
The duodenum is short and has fast passage hence low absorption of drugs,
whereas the jejunum is the main place of drug absorption. The jejunum is
especially well-suited for absorption due to its highly active peristalsis. [24] The
small intestine has a large surface area due to a unique anatomy of three types
of structural projections; plicae circulares, villi, and microvilli, these increase
the area three, ten, and 20 times, respectively (Figure 1.3B-D). This results
in a 600 times increase in the absorptive area.

A B C D

Figure 1.3: Schematic representation of the small intestine: A) The digestive system.
B) Plicae circulares. C) Villi-crypt unit with various cell types. D) Enterocytes with
microvilli on top and different kinds of junctions; tight junctions (purple), adherens
junctions (blue), desmosomes (green), gap junctions (yellow), and anchoring junction
(brown).

Enterocytes, which are polarized epithelial cells covering the villi, are the
absorptive cells of the small intestine, however, other types of cells exist in the
villi-crypt unit of the small intestine (Figure 1.3C). [25] Between the villi are the
crypts of Lieberkühn housing enteric endocrine-cells, stem cells, Paneth cells,
and undifferentiated crypt cells. [23,26] On the villi, apart from enterocytes,
goblet cells reside. Goblet cells secrete high-molecular-weight glycoproteins
known as mucins. [27,28] Mucins along with bound water, electrolytes, sloughed
epithelial cells, and secreted immunoglobulins make up a protective barrier
known as mucus. The mucus is both a physical and chemical barrier against
luminal substances such as enteric bacteria and environmental and bacterial
toxins. [28] Underneath the mucus are the enterocytes to secure that nothing
that is not supposed to enter the body enters the body.

The enterocytes are tightly bound to each other through junctions (Figure
1.3D). Between the cells are several junction types such as tight junction
(zonula occludens), adherens junction (zonula adhaerens), desmosome (macula
adhaerens), and gap junction. [29,30] Of these junctions, the tight junctions
secure the tight barrier of the small intestine (Figure 1.4). [30] Tight junctions
consist of multiple proteins one of these is zonula occludens-1 (ZO-1) which is
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used in cell cultures for assessment of membrane integrity by immunostaining
and visualization by fluorescence microscopy. [31].

Figure 1.4: Cartoon of tight junction associated proteins between enterocytes: In-
cluding junctional adhesion molecules (JAMs) and zonula occludens proteins (ZO).
Modified from. [32]

A drug can be absorbed in several ways depending on the characteris-
tic of the drug (Figure 1.5). Drugs are absorbed across the small intestinal
barrier by either passive or active transport. Lipophilic compounds can use
the passive transcellular route as they can cross the lipid bilayer of the cell
membrane (Figure 1.5A). [33] Whereas, hydrophilic drugs can also be passively
diffuse across the cell layer but are restricted to the paracellular route (Figure
1.5B), [31] since hydrophilic molecules cannot be distributed into cell mem-
branes. It is the tight junctions that regulate paracellular passage of ions,
water, and molecules. [34]

Active transport routes include carrier mediated transport and transcy-
tosis. In carrier mediated transport, the carriers are situated both at the
apical and basolateral membrane (Figure 1.5C). Peptides, amino acids, and
their drug analogs can be transported by carriers. [35] In contrast, proteins and
small nucleotides are transported by transcytosis (Figure 1.5D). [33,36] The first
step in transcytosis is endocytosis, where a material is taken up by the cell into
intracellular vesicles. Endocytosed drugs are either exocytosed basolaterally,
broken down, or recycled through efflux mechanisms (Figure 1.5D-F).
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Figure 1.5: Drawing of transport ways through intestinal epithelial cell barrier: A)
Passive transcellular transport. B) Passive paracellular transport. C) Active carrier
mediated transport. D) Active transcytosis. E) Endocytose resulting in intestinal
metabolism. F) Efflux.

Even though, drugs mainly travel to the liver via the portal vein, the
villi also have lymph drainage. [37] The molecular mass and water solubility
determine whether drugs go to the portal vein or the intestinal lymphatic sys-
tem. [38,39] Hence, aiming for the lymphatic system in oral drug delivery can be
used to circumvent the metabolism from the liver. Oral testosterone adminis-
tration has been improved by targeting the lymphatic system with a lipophilic
ester of testosterone. [15] Another approach is with liposomal formulations. [40]

In summary, the small intestine is divided into villi-crypt units giving
rise to a small intestinal barrier consisting of a monolayer of tightly bound
epithelial cells. If a drug is successful in reaching the capillaries of the small
intestinal villi they are transported to the liver for further metabolism before
reaching systemic circulation.

The Liver

One of the main functions of the liver is to protect the body against intox-
ication, by ensuring that toxic compounds are inactivated and transformed
to a form in which they can be excreted by the kidneys. [22] The kidneys fil-
ter the blood from metabolic compounds and toxins while maintaining the
body’s fluid status, electrolyte balance, and acid-base balance by reabsorp-
tion. [41,42] However, lipid-soluble drugs are able, through back diffusion, to
pass through the tubule cells of the kidneys after glomerular filtration (Figure
1.6). Thereby, lipid-soluble drugs re-enter the body, hence before lipophilic
drugs can be excreted the liver needs to transform them to their water soluble
counterparts. Transformation to water-soluble substrates and inactivation of
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drugs can happen through various processes in the liver such as oxidation by
cytochrome P450 (CYP) enzymes, reduction by flavin enzymes, hydrolyses by
esterases, and conjugations by transferases (e.g. glucuronidation). [22] These
processes take place in the endoplasmic reticulum of the hepatocytes and lead
to either exposure or addition of polar groups. Most CYPs are found in the
liver, however, small amounts are also found in kidneys, lungs, intestinal mu-
cosa, and skin. [22,43,44] Hence, metabolism of drugs can be initiated in the
small intestine before reaching the liver. [20,25] As drugs reach systemic circu-
lation before being exposed to renal excretion, the kidneys are not included
in the first pass metabolism.

Figure 1.6: Scheme of drug excretion and hepatic transformation of lipid soluble
drugs: Lipid soluble drugs (green lines) are transformed to water soluble drugs(pink
lines) by the liver. Water soluble drugs are either excreted through the kidneys or
through biliary excretion, the latter can result in enterohepatic recycling. Modified
from. [22]

The liver is arranged in hexagonal units called lobuli, in such a way that
the hepatocytes are exposed to different levels of oxygen and solutes. [45,46] The
gradient comes from how the supply from the hepatic arteriole is placed and
this divides each liver lobule into three zones with different oxygenation levels
(Figure 1.7). In zone I, the hepatocytes closest to the hepatic arteriole receive
the highest concentration of oxygen and solutes. Whereas, zone III is the least
oxygenated. As a result, different enzymes are active in each zone leading to
different processes taking place in each zone. [47] Processes like fatty acid oxi-
dation and sulfation occurs mostly in zone I with high oxygenation, whereas
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processes like glucuronidation, glutathione transferase, and CYP enzyme ac-
tivity occurs mostly in zone III under less oxygenation. Though metabolism
of drugs helps to avoid toxicity, metabolism of drugs by the liver comes with
a risk of creation of more active and toxic compounds which can lead to liver
injury. [22]

The liver does not only secure drug excretion by preparing drugs for re-
nal excretion but also by biliary excretion. [48] The liver produces bile and it
can excrete drugs via the bile (Figure 1.7). However, drugs that are biliary
excreted often go through reabsorption to some extent this includes drugs
such as mycophenolic acid, [49] warfarin, [50] and digoxin. [51] This phenomenon
is known as enterohepatic recycling (Figure1.6).

Figure 1.7: Drawing of liver lobuli with drainage of venous and arterial blood
and bile: Drainage of blood from the portal vein to the hepatic central venule
(blue). Drainage of blood from the hepatic artery to the hepatic central venule (red).
Drainage of bile from hepatocytes to the bile duct (green).

In summary, the liver is responsible for inactivating drugs and making
them water soluble so they can be excreted. The liver is organized in lobuli
which gives the liver hepatocytes different profiles of metabolic enzyme ex-
pression. For a drug to successfully reach systemic circulation it must travel
from the small intestine to the liver and avoid metabolism in the liver.
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1.1.2 The First Pass Metabolism

The effectiveness of a drug depends on how much drug in the active form
reaches its receptor. The body affects drugs thereby influencing the drugs’
effectiveness in several ways such as metabolism or activation. An example
of a drug which is activated by the body is the prodrug valacyclovir which
is administered in its inactive, but orally absorptive, form and is activated in
the body. [52] Valacyclovir is acyclovir modified to be a substrate for an active
transporter. [53] Once valacyclovir has entered the body it is transformed to its
active form acyclovir that can treat herpes viruses. [52,53] In contrast, a drug
such as propranolol is highly metabolized and inactivated by the liver. [54] The
effect the body has on the drug is called pharmacokinetic. [55] The focal point
of pharmacokinetics is ADME. Pharmacodynamic is the effect the drug has
on the body. The focus of this thesis is on pharmacokinetic.

A drug can be bound to proteins in blood plasma such as albumin and
globulins. [56] Binding to blood plasma proteins can protect a drug from hepatic
metabolism and renal excretion, however, a bound drug can be hindered in
reaching the desired target site (Figure 1.8). [57] Albumin tends to bind acidic
and neutral drugs, whereas globulins tend to bind basic drugs.

Figure 1.8: Scheme of the pharmacokinetics of orally administered drugs: Display of
the influences different tissues and processes of the body have on the drug. Modified
from. [57]

Depending on how a drug is metabolized, protein binding either prolongs
or shortens the life time of the drug in the body. For propranolol, which is
highly plasma bound, the binding to plasma proteins increases delivery to the
liver and thereby its metabolism. [56,58] Thus, the propranolol metabolism is
flow dependent since it depends on the flow of propranolol to the liver for
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metabolism and not on how much propranolol is albumin bound. Whereas, a
drug like warfarin, which is also highly bound to albumin, is only metabolized
in its unbound state. [57] Therefore, the metabolism of warfarin is flow inde-
pendent, since it depends on the dissociation of the drug from the protein to
which it is bound. Drug-protein binding also affects the absorption by increas-
ing the concentration gradient in the small intestine. A higher concentration
gradient will help absorption in the small intestine, however, highly bound
proteins are less likely to diffuse to the target tissue. [59]

In summary, the small intestine, blood vessel, and liver affect the amount
of active drug reaching systemic circulation, in short, they are responsible for
the first pass metabolism. Pre-clinical pharmacokinetic studies are important
to achieve information on how much drug is needed to reach the therapeutic
window (range of effective drug dose) and which effect each tissue has on the
drug to find potential points of improvement.
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Chapter 2

Hypotheses and Aims

2.1 Hypotheses
The hypotheses of this PhD project were:

i) Inserts for connected cell cultures can be fabricated with 3D printing

ii) A good prediction of the first pass metabolism can be obtained by con-
necting in vitro cell based tissue models

iii) Stiffness characterization of soft cell growth-matrices can be achieved
while the growth matrices are submerged in a relevant buffer

2.2 Aim of the Project
The overall goal of the presented PhD project was to make ADME testing of
new drugs more efficient by increasing the success rate of in vivo studies in
the pre-clinical drug developmental phase. To reach this goal there was three
the project aims:

i) Development of a triple cell culture based tissue model method

ii) Simulate the first pass metabolism with small intestinal cells, vascular
endothelial cells, and liver hepatocytes

iii) Characterize the stiffness of the cell growth matrix
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Chapter 3

Pre-clinical Pharmacokinetic
Modeling

This chapter covers in vitro and in vivo models of the human body including
cell based models and which cell based models were chosen for the presented
PhD project. Moreover, this chapter includes a discussion of current methods
of connecting cell based models and their advantages and shortcomings.

When developing new drugs, studies must be performed to find therapeutic ef-
fects and side effects. Before clinical trials, pre-clinical studies are performed
with the goal of revealing therapeutic effects and side effects. Pre-clinical
studies are performed with the use of models for the human body. Various
models have been obtained and utilized. It was discovered over 2,400 years ago
that animals could be used as a model to study the human body. [60] Animals
from zebrafish and rodents to pigs and rhesus monkeys have been utilized for
testing of pharmaceuticals. Even transgenic humanized rats, expressing genes
specific for humans, have been explored. [61]

In ex vivo modeling, drug testing is performed directly on specific tissues
from animals by removing the tissues from the animal before studying it. One
such method is the Ussing chamber which is a side-by-side diffusion chamber.
The Ussing chamber allows for testing of transport across a piece of tissue
taken out from an animal. [62] This has been done with porcine and murine
small-intestinal tissue to test drug absorption. [63,64] Another method of testing
tissues ex vivo is with the Franz cell, however, this method is mainly used
for testing of transdermal absorption. [65,66] By testing transport across ex
vivo small-intestinal tissue, all cell types of the small intestine are present.
Whereas, with in vitro it can be difficult to include multiple cell types at the
same time. However, many pathogens are species specific, hence failures from
toxicities not predicted with animal studies can arise in clinical trials causing
a drug candidate to fail. [4] What is more, animal studies for pre-clinical drug
testing whether in vivo or ex vivo come with considerable ethical concerns and
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considerations.
Some models of the human body avoid the use of animals completely.

In vitro macro models are good for understanding microbial behavior since
parameters like pH and temperature can be precisely controlled by a com-
puter. [67,68] The parallel artificial membrane permeability assay (PAMPA)
utilizes an artificial membrane for evaluating passive permeation of human
skin compounds. [69] In silico mathematical and computational models mod-
eling of flow, absorption, distribution, and more have also been explored. [67]

A middle ground between animal studies and completely leaving out cells
is in vitro cell culture studies with either primary cells from animals, patients
or healthy individuals or immortalized cell lines. [70] Cell studies are used to
predict drug behavior prior to in vivo testing. Cells are initially obtained from
either humans or animals and cultured in the laboratory before drug testing.

In summary, various approaches to modeling of the human body exist.
Good prediction with in vitro models can help select drug candidates and limit
the number of animals needed for animal testing. The focus in the subsequent
sections will be on in vitro cell based models for absorption, distribution, and
metabolism.

3.1 In Vitro Cell Based Models of Individual
Tissues

3.1.1 Cell Based Small Intestinal Models

Multiple cell based models of the small intestine in vitro have been explored
of these the most broadly used is the Caco-2 cell line. [71,72] The Caco-2 cell
line, obtained from a colorectal adenocarcinoma, displays enterocyte-like dif-
ferentiation spontaneously in the absence of inducers. [73,74] Caco-2 cells grown
on a permeable filter can be used to determine how and how much of a drug
is transported across a cell layer. The Caco-2 cell line has shown a good cor-
relation with oral absorption data from humans. [72] It is possible to test if a
drug is transported passively if the transport rate from the apical to basolat-
eral side is the same as the transport rate in the opposite direction, the drug
transport must be passive, as the active transport is directional specific. How-
ever, the Caco-2 cell line has some limitations such as low endocytic activity
compared to in vivo intestinal tissue. [75] Other limitations include interlabora-
tory variations, [76] lack of mucus, [77] and low expression of metabolic enzymes,
specifically CYP3A4. [20] CYP3A4 is the main CYP enzyme in small intestinal
enterocytes. [78,79]

Other intestinal cell lines include T84, which like Caco-2 originate from hu-
man colorectal adenocarcinoma. T84 cells have shorter microvilli than Caco-2
cells and a higher expression of monocarboxylate transporter 1 (MCT1), a
protein primarily expressed apically in colonocytes. [80] Therefore, T84 cells
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retain their colonic profile more than Caco-2 cells and are thus better suited
for modelling of the colon.

The Madin-Darby Canine Kidney (MDCK) cell line is a non-intestinal
cell line derived from kidney tubules. [67] MDCK cell line grow to confluent
monolayers of differentiate cells with tight junctions rapidly (3 to 6 days). [81]
However, a low activity of peptide transports limits the MDCK cell line’s
use when predicting in vivo drug absorption. [82] IPEC-J2 is an epithelial cell
line from porcine jejunum. [83] IPEC-J2 cells spontaneously differentiate to
enterocytes, however, these cells are too tight.

HT29, another colon adenocarcinoma cell line, shows enterocyte behavior
but requires specific inducers and culture condition for differentiation. [84] The
HT29-MTX cell line was created by methotrexate induction of HT29 cells to
differentiate them to goblet-like cells with high mucin expression. [85,86] Caco-2
and HT29-MTX cells can be co-cultured to obtain the features of both cell
lines. [87] Other cell lines with expression mucins include LS174T and LoVo,
also derived from human colon. [88] However, LS174T cells have fewer microvilli
than Caco-2 cells, hence a smaller absorptive surface area.

Choice of Small Intestinal Cells

In paper I, the Caco-2 cell line was chosen for the small intestinal model
because of its broad usage (Figure 3.1). Moreover, in this PhD project one
goal was to grow all cells in or on hydrogels. As, Caco-2 cells have been grown
on hydrogels before, [89,90] it proved to be a good choice. Though, as mentioned
above, this cell line does not express mucins to the same extend as other cell
lines and metabolic enzymes to the same extend as the small intestinal villi.
Possible improvements to this are discussed below (Section 4.5).

Figure 3.1: Bright-field microscopy image of Caco-2 cells. Scalebar: 100 µm.
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3.1.2 Cell Based Endothelial Models

The classical model of endothelium are the human umbilical vein endothelial
cells (HUVEC) which are a primary endothelial cells from the umbilical cord.
HUVEC cells have a limited life span of 10 passages, [91] however, they are
very well studied. [92] To work around this limited life span immortal endothe-
lial cell lines have been created. Such as EaHy926 (CRL-2922) a hybridoma
of an epithelial cells line and HUVEC cells. [93] Other immortalized cell lines
include HMEC-1 and ECV304. [94,95] The immortal cell lines have some limi-
tations such as induction of vascular cell adhesion molecule 1 (VCAM-1) and
E-selectin which are very low for HMEC-1 cells and undetectable for CRL-
2922 and ECV304, whereas these proteins can be induced in HUVEC cells. [96]
Both are adhesion molecules activated by cytokines and play a role in inflam-
mation. [97,98]

Choice of Endothelial Cells

In this PhD project, both HUVEC cells and the hybridoma CRL-2922 cell
line were utilized for different purposes. In paper II, the CRL-2922 cells were
utilized for visualizing stretching of cell on a thin hydrogel growth-matrix
membrane that could be stretched by changing the water pressure. For this
purpose no expression of functional proteins such as VCAM-1 and E-selectin of
the endothelial cell was needed. But their elongated morphology proved useful,
since stretching of the cells was easily visualized (Figure 3.2). Therefore, the
CRL-2922 cell line was chosen over HUVEC cells for its ease of culturing.
Caco-2 cells were also added to the thin hydrogel growth-matrix but could
not be stretched, instead they moved apart from each other.

Figure 3.2: Bright-field microscopy image of stretching of CRL-2922 cells on a thin
hydrogel growth matrix: A) Non-stretched CRL-2922 cell marked with the white ring.
B) Stretching of the CRL-2922 cell marked with the white ring. Scalebars: 100 µm.

For paper I, HUVEC cells were used as the vascular endothelial tissue
model. Though, in the paper their inducible expression of VCAM-1 and E-
selectin was not utilized. However, depending on which pharmaceuticals might
be tested in the future with the presented method this might become relevant.
For instance, in rheumatoid arthritis (RA) it would be of interest to detect if a
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drug inactivates VCAM-1, since VCAM-1 is known to be overexpressed for RA
patients. [99,100] In RA treatment, several drugs on the market are inhibitors of
tumor necrosis factor alpha (TNFα), which is a proinflammatory cytokine. [101]
These drugs include infliximab, [102] etanercept, [103] and adalimumab. [104] The
result of TNFα inhibition is a lower expression of VCAM-1. Furthermore,
VCAM-1 is also relevant in diseases such as cancer and asthma. [105,106] More-
over, the culturing of HUVEC cells in the triple layered tissue model method
shows that it is possible to culture primary cells and not only cell lines with
the method.

In summary, both primary cells and immortal cell lines are available as cell
based endothelial models. Depending on the aim either the primary HUVEC
cells or the hybridoma CRL-2922 cell line was used in this PhD project.

3.1.3 Cell Based Liver Models

Both primary cells and cell lines of hepatic cells are available. Primary hepa-
tocytes can be maintained in culture for a few days while retaining their phe-
notype. [107] Several immortal cell lines exist such as HepG2, Mz-Hep, Chang,
Hep3B, HuFoe-15, PLC/PRF/5, and BC2, these are isolated from human
hepatomas. These cell lines have different expression of various metabolic en-
zymes. Of these HepG2 is one of the most widely used. HepG2 for instance
show many liver-specific functions and conjugating enzymes, however, lack
expression of most CYP enzymes. Hepatic cell lines with non-human origin
also exist such as the murine cell line AML12. [108]

Choice of Hepatic Cells

In paper I, the HepG2 cell line was utilized to grow hepatic spheroids in
the hydrogel growth-matrix. The HepG2 cell lines was chosen because it is
known to be able to form spheroids when cultured in a three dimensional (3D)
environment (Figure 3.3). [109–112] Though, Hep3B cells aggregate faster than
HepG2 cells in a hanging drop setup. [113] However, in the hanging drop setup
the cells are cultured in a drop of cell medium, thus the cells grow without
the mechanical support from a growth matrix. Moreover, the HepG2 cell line
was chosen because it is one of the most widely used hepatic cell lines.
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Figure 3.3: Bright-field microscopy image of growth of HepG2 spheroids in a hy-
drogel growth-matrix over three weeks: A) HepG2 spheroids cultured in the hydrogel
growth-matrix after 5 days. B) HepG2 spheroids cultured in the hydrogel growth-
matrix after 21 days. Scalebars: 500 µm.

Growth of spheroids display gradient of nutrients and gases including oxy-
gen (Figure 3.4). [114,115] In vivo, the liver also has a molecular gradient of
oxygen, as discussed above (Section 1.1). Hence, the consequence of the oxy-
gen gradient could be that different metabolic enzymes were active along the
oxygen gradient. Spheroids have been shown to have an increased CYP activ-
ity, [111] which also in vivo predominantly takes place in the least oxygenated
area (zone III) of the liver lobuli. [47]

In summary, the HepG2 cell line was selected because it is well studied and
has previously been grown as 3D spheroids recreating the zones of oxygenation
found in the in vivo liver tissue.

Figure 3.4: Molecular gradient characteristics of spheroid cell cultures from various
assays give a concentric arrangement of cell proliferation, viability and the micromilieu
in large spheroids. Reprinted with permission from. [114]
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3.2 Connected In Vitro Cell Based Tissue Models

As, discussed above (Section 1.1), the small intestine, the vascular endothe-
lium, and the liver are connected in the first pass metabolism, hence connected
cell cultures are of interest. This section will dive into combination of multiple
cell cultures. Various ways of combining cell cultures have been explored such
as in titer well-plate as a batch growth and by connecting tissue models via
microfluidics. One goal of combining cultures is to obtain better tissue models
by utilizing the advantages of different cell lines. Another goal is to connect
multiple tissue models to obtain the effect from interaction of multiple tissue
models.

3.2.1 Combined Single Tissue Models

Susewind et al. have combined Caco-2 cells with macrophages and dendritic
cells to achieve a better inflammatory model. [90] By induction of inflamma-
tion with pro-inflammatory cytokines, this model can be utilized to determine
how microparticles from food or the environment influence inflamed tissue.
Others have combined Caco-2 and HT29 cells with Raji B lymphocytes. [116]
When cultured with Raji B cells Caco-2 cells express M cell phenotype. In
vivo M cells are specialized epithelial cells which can transport antigens from
the small intestinal lumen to submucosal lymphoid structures called Peyer’s
patches. [37,117] This along with dendritic cells, macrophages, lamina propria
lymphocytes, and intraepithelial enterocytes make up the gut-associated lym-
phoid tissue (GALT) which is connected with the lymph drainage of the villi.
Hence, this co-culture gains a better representation of the in vivo small in-
testinal villi by including GALT. Moreover, implementation of microbiota as
the co-culture element have been presented. [118–121]

Other tissues further developed by multiple cell types include the liver
and vascular endothelium. Nonalcoholic steatohepatitis has been modeled by
co-culturing of HepG2, HUVEC, and Kupffer cells (Kupffer cells are resident
macrophages in the liver). [112,122] Vascular endothelium models have been im-
proved by co-culturing endothelial cells and smooth muscle cells to include
the smooth muscle of the blood vessel. [123]

In summary, modeling of single tissue can be improved by including mul-
tiple cell types in the same model.

3.2.2 Combined Connected Tissue Models

Co-cultures can also be used for investigating tissue interactions. This has
been achieved in batch by culturing multiple cell types in the same culture. [124]
Microfluidic system can connect different in vitro tissue models by micrometer-
sized channels with constant perfusion. [67] The benefit of this is a constant
flow and a low number of cells. The flow can mimic the dynamic of bodily
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fluid such as blood flow and shear stress. Combining flow and peristalsis-
like deformation have been shown to induce mucin-2 production from Caco-2
cells. [125] Multiple combinations of tissues connected via microfluidics have
been published. [126–129] The aim of these models was better in vitro prediction
of ADME by including tissue interaction in the models.

Commercial microfluidic systems connecting multiple organs for ADME
testing are available from TissUse GmbH and MatTek Corporation in col-
laboration. Their "MultiOrgan Chip" connects skin and liver obtaining a co-
culture for testing of skin permeability. [130] There is also a version with four
interconnected organs available called "Four Organs-Chip" which connects in-
testine, liver, skin, and kidney. [131] These microfluidic devices are, however,
often made in polydimethylsiloxane (PDMS). A problem with PDMS is that
small hydrophobic molecules tend to diffuse into it. [132–134] This is a drawback
when for ADME studies. Moreover, PDMS is also permeable to gasses. [135]

Another commercial system, by MIMETAS B.V., is called "OrganoPlate".
The OrganoPlate introduces microfluidic flow to epithelial cell cultures with-
out tubing by a rocking system to ensure medium exchange within the mi-
crofluidic chamber. [136] The OrganoPlate microfluidic chips are fabricated us-
ing dry film resist (DFR), thereby the OrganoPlate avoids PDMS and gain
complete control of gas pressure. [137] Furthermore, the OrganoPlate does not
rely on artificial membranes but have a hydrogel growth-matrix incorporated
for the cells to grow on. Hepatocyte and fibroblast co-cultures have been con-
nected with the OrganoPlate technology to study interactions of these two cell
types. [137]

Tissue models connected via a string have even been publish as a com-
pletely different approach from microfluidics. [138] Connected tissue models in
microfluidics often share the same medium, this can be problematic as differ-
ent cell can need specific culture conditions for optimal growth and differen-
tiation. [139] This has been circumvented by connecting tissue models through
membrane in between them each tissue model can have its own optimized
growth medium. [140] However, cells do not necessarily need the same time for
differentiation. Another problem with microfluidics is to test microparticles
and drug delivery systems which can be in the size range of 400 µm, [141–143]
as microfluidic channels often are in the sizes of a few hundred µm. [120,131]

In summary, connecting different tissue models in vitro allows us to gain
insight processes and ADME testing but the current methods have certain
areas that can be improved. The areas that can be improved include individ-
ual growth conditions of cells, avoidance of PDMS, and testing of larger drug
delivery systems. Moreover, recyclable growth platforms and easy customiza-
tion of the system would allow for cutting costs and designing platform for
specific needs from cell cultures. Moreover, improved in vitro tissue models
can potentially increases successes in animal testing.
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Chapter 4

First Pass Metabolism Model

This chapter includes results of the project presented paper I ‘3D-printed stack-
able titer plate inserts supporting three interconnected tissue models for drug
screening’ and a discussion of these results. The HepG2 based liver model was
developed in collaboration with Andreas Willumsen, whom I supervised during
his special course ‘Entrapment of hepatocytes in hydrogels for 3D cultures’.
Results on valacyclovir transport were obtained in collaboration with Chiara
Mazzoni.

4.1 Triple Layered Tissue Models
Paper I focuses on the first two aims:

i) Development of a triple cell culture based tissue model method

ii) Simulate the first pass metabolism with small intestinal cells, vascular
endothelial cells, and liver hepatocytes

The method presented in this paper consists of three inserts that can be con-
nected by assembling them on top of each other (Figure 4.1). Each insert
contains 12 wells with a hydrogel growth-matrix for the cells. To fabricate
the inserts, the additive manufacturing (AM) technique known as 3D printing
was utilized. The 3D-printed inserts are compatible with a commercial 12 well
titer plate. The Caco-2 cell line, HUVEC cells, and the HepG2 cell line were
used for tissue models of the small intestine, the vascular endothelium, and
the liver, respectively. All the tissue models consisted of a 3D printed insert
with a hydrogel growth-matrix. Caco-2 and HUVEC cells were cultured on
top of the hydrogel-growth matrix to simulate two dimensional (2D) barrier
tissues. Whereas, HepG2 cells were cultured in the hydrogel growth-matrix
to simulate a 3D solid tissue (Figure 4.1B,C).
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Figure 4.1: Schematic illustrations of triple layered tissue models: A) Individual
tissue-model inserts of Caco-2 cells (blue), HUVEC (yellow), and HepG2 (red) with
hydrogel growth-matrices (pink). The inserts have sampling holes at each level, P1
for sampling under the Caco-2 cells, P2 for sampling under the HUVEC cells, and
P3 for sampling under the HepG2 cells. B) Assembly of triple layered tissue models.
Scalebars: 100 µm. C) Sideview of assembled triple layered tissue models. D) 3D-
printed inserts clamped with rubber bands to the casting device. E) Casting of the
hydrogel growth-matrix into the holes of 3D-printed inserts.

The hydrogel growth-matrix for the HepG2 liver tissue model was 5 mm
in diameter and 4 mm in thickness to resemble a solid tissue. Whereas, the
hydrogel growth-matrix for Caco-2 and HUVEC cells was 5 mm in diameter
but only 1 mm in thickness to allow for faster diffusion. To support this thin
hydrogel, a cross was added to the hole to give the hydrogel growth-matrix
mechanical support so it would not bend under water pressure from the growth
medium. Cells for each tissue model were seeded and cultured individually
under each their optimized conditions and assembled once each tissue model
was fully differentiated. The three 3D-printed inserts were designed in such a
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way that samples of medium or buffer could be taken under each tissue model
while the three inserts were assembled on top of each other (Figure 4.1A).
This allowed for performance of drug transport studies while the three tissue
models were connected. To cast the hydrogel growth-matrix, the 3D-printed
inserts were placed on a casting device with spring loaded pillars to cover
the holes and the 3D-printed inserts were held down by rubber bands (Figure
4.1D). Once assembled, hydrogel solution could be pipetted into the holes
(Figure 4.1E). Once polymerized the casting device and 3D-printed insert
were disassembled and cells could be cultured in the insert.

This chapter focuses on the components, design, and evaluation of the
triple layered tissue models for first pass metabolism modeling.

4.2 3D Printing - Additive Manufacturing

3D printing is additive manufacturing from 3D modeled data. The bene-
fits of include design freedom, high resolution, fabrication of complex ge-
ometries, minimum use of materials, and personal customization. [144] Designs
are normally done using computer-aided design (CAD). Several 3D printing
techniques exist such as stereolithography (SLA), fused deposition modeling
(FDM), inkjet printing, and powder bed fusion (Figure 4.2). [144] The focus for
the rest of this section will be on SLA and FDM since these two techniques
have been available for the PhD project.

Figure 4.2: Schematic representation of 3D printing techniques: A) Fused deposi-
tion modeling, B) inkjet printing, C) Stereolithography, and D) powder bed fusion.
Reprinted with permission from. [145]
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4.2.1 Fused Deposition Modeling and Stereolithography

In FDM printing, a filament of, a thermoplastic polymer, is continuously
pushed out through a heated nozzle to reach a semi-liquid state and the fil-
ament is extruded onto a platform with a lower temperature than the noz-
zle (Figure 4.2A). FDM is typically done with thermoplastic materials such
as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). [144] The
benefits of FDM are low cost, high speed, and simplicity. However, FDM suf-
fers from weak mechanical properties, a layer-by-layer appearance, a limited
number of thermoplastic materials, and poor surface quality. [146] Especially,
the former is a large drawback for this project since a rough surface finish
would make it difficult to seal for hydrogel casting.

SLA, developed in 1986, is one of the first 3D printing techniques. [147]
This technique uses an ultra violet (UV) laser to polymerize layers of a resin
or monomer solution (Figure 4.2C). [144] Since printing takes place in a resin
or monomer basin, the print is covered in unreacted resin/monomer solution
which can be cleaned when printing is finished. The result is a print with a
fine finish in high quality and resolution.

In summary, the resolution of SLA printing is down to 10 µm, whereas
with FDM the resolution is 50-200 µm. [145] However, SLA printing is rather
slow, expensive, and includes cleaning steps after printing.

4.2.2 Choice of 3D Printers and Printing Material

The Form 2 SLA 3D printer from Formlabs was used to print the inserts for
the first pass metabolism model. The inserts were printed in Dental LT resin.
Dental LT resin is formulated for printing of dental splints and surgical guides
and is rated class IIa biocompatible. [148] Class IIa means that it follows the
requirement given by the European Parliament and Council for this specific
type of medical devices. [149] This class of medical devices are classified as
medium risk and include surgically invasive products. [150] Moreover, medical
devices in this class have been tested and found nontoxic to cell cultures. [151]
However, the protocol for post processing presented in paper I differs from the
protocol given by the manufacturer. Since the 3D-printed inserts are larger
and with more corners compared to dental splints and surgical guides a more
thorough post processing was needed.

With the high resolution of an SLA 3D-printer it is possible to make a
tight seal and cast hydrogels into the inserts. However, fabrication of these
inserts using an SLA 3D-printer and special resin is not cheap. Therefore, an
FDM 3D-printer was used for components that did not need to be in contact
with the cells and did not require as high a resolution. This was for things
such as the casting device.
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4.3 Growth Matrices

In vivo tissues have different stiffnesses from very soft such as lung and breast
tissue to very stiff like bone. [152] The plastics used for cell cultures in vitro are
comparable to bone in stiffness but are much stiffer than soft tissues such as the
intestines and the liver. The softness of the growth matrix is important since
in vivo increased stiffness can be pathological, as it is seen in diseases such
as liver cirrhosis, [153,154] pulmonary fibrosis, systemic sclerosis, [155] and breast
cancer. [152] One way cells can sense the softness of their growth substrate is by
mechanosensing through cell-matrix adhesions such as focal adhesions. [156–158]
Soft growth matrices give rise to more in vivo-like cell morphology such as
polarization of epithelium and neuron branching. [159–161] Neuron branching
and epithelial polarization are important steps during developmental phases
of these types of tissues.

In vivo, the extracellular matrix (ECM) is the non-cellular component and
growth matrix within all tissues. [162] It provides the essential physical scaffold
and initiates biochemical and biomechanical cues for tissue morphogenesis,
differentiation, and homeostasis. Cells are connected to the ECM by proteins
such as integrins and syndecans. [163,164] The ECM consists of two main classes
of molecules; fibrous proteins and proteoglycans. [165] Collagens are the main
fibrous protein group making up 30 % of the total protein mass of multicel-
lular animals. [166] The ECM regulates cell adhesion, provide tensile strength,
support chemotaxis and migration, and direct tissue development.

In cell cultures, cells are grown on plastic dishes or filters coated with
adhesion molecules to help the cells adhere. However, this limits the cultures
to 2D growth, and what is more the plastic is much stiffer than most tissues
in vivo.

Cells cultured in 3D have one more dimension of external mechanical in-
puts and adhesion. This affects integrin ligation, cell contraction, and associ-
ated intracellular signaling. [167,168] In addition, the 3D matrix affects diffusion
of effector molecules such as growth factors and enzymes resulting in gradi-
ents. [115] For a synthetic 3D environment there is solely a need to provide an
initial set of cues to achieve a relevant physiological environment, since cells
are able to secrete and incorporated their own ECM into their local microen-
vironment. [115]

In summary, in vivo tissues are softer than plastic cell culture dishes and
flasks. Therefore, a hydrogel was chosen as a soft growth-matrix. Below is
discussed what a gel is and what a hydrogel is and which hydrogel was used
as cell culture growth-matrix.

4.3.1 Gels

A gel is a polymeric solid made of a 3D network of polymer chains joined
at connection sites (Figure 4.3). [169] The connection sites can be chemically
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covalent-bonds or physical interactions. Rubber is a polymeric gel and is in a
liquid state before gelation (i.e. cross-linking of branch points) and becomes
solid once gelated. In the gelated state, its shape is maintained, however, it
can be deformed by force but will return to its original shape once the force is
removed. Hence, rubber behaves as an elastic solid. Gels have also been de-
fined to consist of two or more components of which one is a liquid, [170] hence,
cross-linked hydrophilic polymer chains in an aqueous microenvironment. [171]
This definition will be used for hydrogels and elaborated on in the following
sections.

Figure 4.3: Drawing of a polymeric cross-linked gel: The gel consists of polymeric
chains (green) cross-linked at specific points (pink). Modified from. [169]

4.3.2 Hydrogels

Where a gel is a polymeric solid, a hydrogel is a swelled polymeric solid, either
of synthetic or natural origin. [170] The polymeric network of a hydrogel is able
to absorb water from 10 % up to thousands of times its own dry weight. [172]

Hydrogels can be cross-linked in various ways such self-assembly, [173] an-
ionic gelation, [174] chemical cross-linking, [175] and enzymatic protein cross-
linking. [176] Hydrogel-forming polymers compatible with cell cultures include
biopolymers, synthetic polymers, and hybrid polymers. [177]

4.3.3 Choice of Hydrogel

The biopolymer gelatin was utilized for in the presented project due to its
availability, low costs, and the knowledge of this type of hydrogel in the
group. Gelatin is a biopolymer of proteins obtained by denatured collagen. [178]
Gelatin is solid at room temperature but liquid at 37 ℃. [178,179] However,
when cross-linked to a hydrogel, gelatin is a hydrogel at 37 ℃ as needed for
cell cultures. Gelatin hydrogels have been used as the growth-matrix for hu-
man endothelial, epithelial, fibroblast, glial, and osteoblast cells. [180] These
can attach, spread, and proliferate on and in a gelatin hydrogel.

Transglutaminase can enzymatically cross-link gelatin. [181] Transglutam-
inase catalyzes the covalent bound formation between lysine and glutamine
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yielding a ε-(γ-glutamyl)lysine cross-link. [182,183] The stiffness of gelatin hy-
drogels is tunable by the gelatin and transglutaminase concentrations, incu-
bation time, temperature, and pH. [109,184,185] As mentioned above, synthetic
3D environments only need to provide an initial set of cues, the gelatin hydro-
gels utilized in this PhD project for the tissue models were not coated with
adhesion molecules.

In summary, hydrogels can be used as artificial ECMs in cell culture and for
this PhD project gelatin hydrogel growth-matrices were chosen as the artificial
ECM of all cell based tissue models presented. In Chapter 5, stiffness and how
to measure stiffness of hydrogels will be discussed.

4.4 Permeability Testing of Cell Based Tissue
Models

Several method are available for assessing a cell monolayers’ confluency and
barrier function including transepithelial/transendothelial electrical resistance
(TEER), [186] hydraulic conductivity (Lp), [187] fluid filtration coefficient (Kf),
and apparent solute permeability (Papp). [188]

Lp and Kf are two fluid flow parameters. Lp is a filtration parameter ex-
tensively used to study the vascular permeability. [187,189] Lp is the slope of
the relationship between the volume flow and the driving pressure, thus to
measure this parameter there is a need for control of a changing pressure. Lp
is normalized to the surface area and is an intrinsic property of a tissue. [190]
Therefore, Lp can be used to compare tissue samples. Whereas, Kf is propor-
tional to Lp but is not an intrinsic property of tissues as it is not normalized
to the area. In the method presented in paper I, there is not implemented a
precise control of pressure.

As the interest in paper I was to measure the first pass metabolism, the
transport of molecules was more important to gain than fluid flow parame-
ters. The transport across a cell layer is not only determined by the fluid flow
as it can be influenced solvent drag/convection, diffusion, and active carri-
ers. [191–193] These are taken into consideration with the Papp, therefore Papp
was obtained to compare permeabilities of hydrogels and cell layers. Papp is
defined by: [31]

P app = (dQ/dt)
AC0

= F

C0
(4.1)

Where, dQ/dt is the rate of drug permeation, A is the absorption area, F is
the flux, and C0 is the initial donor concentration.

In addition to Papp, TEER measurements were performed to characterize
the Caco-2 monolayers. TEER measurements are based on two electrodes
on either side of a cell monolayer. [186,194] The electrodes usually come as two
chopsticks inserted on each side of the monolayer or as a small cup in for
individual cell inserts (Figure 4.4A). The TEER value is a measure of ionic
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conductance of the paracellular pathway, thereby the resistance is obtained
through Ohm’s law (Figure 4.4B). The TEER value of cell monolayers is given
in Ω cm-2. It is used to determine the integrity of tight junctions. [194] However,
a downside of TEER measurements is that different equipment tend to give
different TEER values. [186] In paper I, Caco-2 monolayers with a TEER value
above 300 Ω cm-2 were deemed tight. This is in accordance with what has
previously been measured on Caco-2 monolayers of soft growth-matrices. [89,90]

Figure 4.4: Schematic of TEER measurement with chopstick electrodes: A) Prin-
ciple of chopstick based TEER measurements. B) Electrical diagram of TEER mea-
surements. Alternating current (IAC) in introduced and the total ohmic resistance
arise from the cell monolayer (TEER) and the cell culture medium (RM), growth
matric (RGM), and electrode medium interface (REMI). Modified from. [186]

In paper I, it is discussed that the TEER value of Caco-2 cells on the hy-
drogel growth-matrix is lower than Caco-2 cells grown on a polyester filter but
that they both are higher than ex vivo small intestinal tissue. As mentioned
above, the benefit of ex vivo tissue is that all cell types of the specific tissue are
present. Since the enterocytes are the cells responsible for the tightness, the
presence of multiple other cells could be the reason for the lower TEER values
of ex vivo tissue compared to cell based in vitro models. As discussed above
(Section 1.1), hydrophilic drugs are restricted to the paracellular route, there-
fore the Caco-2 small intestinal tissue model on the hydrogel growth-matrix
might be more suitable for testing of paracellular transport of hydrophilic
drugs than Caco-2 cells on a polyester filter.

In summary, Lp and Kf characterize the tightness of monolayers by infor-
mation on fluid flow. Lp might be interesting to obtain before and after a
drug transport study to evaluate if a drug influences the blood vessel. Papp
and TEER were utilized in paper I to characterize the barrier function of the
tissue models.
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4.4.1 Permeability Coefficients Obtained with the Triple
Layered Cell Based Models

In paper I, three different molecules were utilized as a model compounds to
assess the barrier function of the different tissue models. The three molecules
used to test permeability were; lucifer yellow, furosemide, and valacyclovir
(Figure 4.5).

Figure 4.5: Drawing of the chemical structures of A) lucifer yellow, B) furosemide,
and C) valacyclovir.

Lucifer Yellow Permeability Studies

Lucifer yellow is a small hydrophilic molecule which crosses a cell layer via the
passive paracellular route (Figure 4.5A). [33] The lucifer yellow permeability
was measured for all three tissue models while they were assembled on top
of each other and was used to determine whether tissue models were tight
monolayers. As discussed in paper I, only the Caco-2 based small intestinal
model of the three tissue models could be determined as a tight monolayer.
The lucifer yellow permeability showed that the Caco-2 based small intestinal
model was able to act as a barrier, whereas the HUVEC based endothelial
model was not. Hence, an improvement of the HUVEC based endothelial
model is of interest, a possible improvement of the HUVEC endothelial model
is discussed below (Section 6.2). The hydrogel growth-matrix of the HepG2
based liver model showed very limited lucifer yellow permeability with and
without HepG2 spheroids presented, this point to that the hydrogel growth-
matrix of 4 mm was too thick for lucifer yellow to cross in the time span which
was measured.
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Figure 4.6: Transport of lucifer yellow across Caco-2 monolayers, the hydrogel
growth-matrix, and polyester filters: A) Permeability of lucifer yellow across Caco-
2 cells on the hydrogel growth-matrix (n=9) and Caco-2 cells on polyester filters
(n=15). B) Cumulative transported fraction of lucifer yellow across empty hydrogel
growth-matrices (mean±SD, n=8) and empty polyester filters (mean±SD, n=9).

In paper I, the permeability across Caco-2 cells on the hydrogel growth-
matrix and on the polyester filters was not significantly different (p-value=0.13)
(Figure 4.6A). Though, the average permeability across the hydrogel growth-
matrix was 1.22×10-6 cm s-1, whereas it was 4.19×10-7 cm s-1 across the
polyester filters. On the permeability plot (Figure 4.6) it is clear that the av-
erage permeability across the Caco-2 cell monolayers on the hydrogel growth-
matrix is increased by some large measurements and that is has a large stan-
dard deviation. Hence, the permeability of Caco-2 cells on the polyester filters
is more reproducible than for Caco-2 cells on the hydrogel growth-matrices.
The tightness of Caco-2 cells on the hydrogel growth-matrices was supported
by ZO-1 stains which showed expression of ZO-1 indicating tight junctions.

The cumulative transport fraction of lucifer yellow for the 1 mm hydrogel
growth-matrix and the polyester filter might be the same, however, the hydro-
gel growth-matrix displays a delay (Figure 4.6B). This delay of transport could
be improved by either a thinner hydrogel growth-matrix or changing the ma-
terial of the hydrogel growth-matrix. A thinner hydrogel growth-matrix would
lead to problems with keeping the casted shape. As is seen in paper II, thin
gelatin hydrogels are stretchable and stretching lead to cell detachment. [184]
Hence, potential solution to this problem could be a hydrogel of a different
material. A third possibility would be to incorporate polyester filter and coat
them with a soft hydrogel. However, in initial test to do so it proved difficult
to glue the filters without glue getting in the pores of the filters.
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Furosemide Permeability Studies

Furosemide, which is a loop diuretic, is a weak acid and a biopharmaceutics
classification system (BCS) class IV drug meaning that it is both poorly sol-
uble and poorly absorbed in the small intestine (Figure 4.5B). [195,196] Since
furosemide is a weak acid, it is more soluble at high pH. In paper I, the
furosemide permeability across a Caco-2 monolayer on the hydrogel growth-
matrices was reported as 1.53×10-6 cm s-1 in a pH 7.4 Hank’s balanced salt
solution (HBSS) buffer. This permeability value is in the range of what has
previously been reported for furosemide permeability across Caco-2 monolay-
ers (Table 4.1).

The TEER value of Caco-2 cells grown on the hydrogel growth-matrix was
551 Ω cm-2, whereas the TEER value of Caco-2 cells grown on the polyester
filters was 1585 Ω cm-2. This point towards a less tight paracellular barrier of
Caco-2 cells grown on the hydrogel growth-matrix, since the TEER value is
tight junction characterization. As furosemide mainly crosses Caco-2 mono-
layers transcellularly, [196] the less tight paracellular barrier did not seem to
affect the furosemide transport.

Table 4.1: Furosemide permeabilities across Caco-2 monolayers reported in
literature.

Permeability
(cm s-1)

Buffer Reference

8.6×10-6 HBSS buffer
Apical pH: 6.5
Basolateral pH: 7.4

[197]

5.4×10-6 Buffer not reported
pH not reported [198]

5.1×10-6 Glucose containing PBS buffer
pH: 5.4 [199]

1.3×10-6 DMEM medium with 10 % FBS
pH: 7.4 [200]

6.8×10-7 HBSS buffer
pH: 6.8 [201]

2.9×10-7 HBSS buffer
pH: 6.5 [202]

1.2×10-7 PBS buffer containing glucose
pH: 7.2 [199]

Table key: Dulbecco’s modified Eagle media (DMEM), fetal bovine serum
(FBS), Hank’s balanced salt solution (HBSS), and phosphate buffered saline
(PBS).
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Valacyclovir Permeability Studies

In contrast to lucifer yellow and furosemide, which are transported passively
across the small intestinal barrier, valacyclovir is transported actively. Vala-
cyclovir is a modified version of the drug acyclovir with improved small in-
testinal absorption by incorporation of L-valine through an ester bond (Figure
4.5C). [52] This addition makes valacyclovir a substrate for the human peptide
transporter 1 (PEPT1) solute carrier. [52,203] Valacyclovir was not shown to
cross the Caco-2 monolayer on the hydrogel growth-matrix in paper II. This
is believed to be caused by transformation of valacyclovir to acyclovir before it
could be transported. Valacyclovir has been shown to be stable in buffer below
pH 4, [52] and the transport study was carried out at pH 7.4. Hence, transport
with valacyclovir could be performed at a lower pH for future studies. On the
other hand, the physiological pH in the small intestine might be higher than 4
as it fluctuates from 4.0 to 7.5 throughout the small intestine. [20] So, a study
below pH 4 is not necessary the best representation of the in vivo situation.

In summary, the Caco-2 cells cultured on the hydrogel growth-matrix dis-
play lucifer yellow and furosemide permeabilities in accordance with what has
been reported for Caco-2 monolayers on polyester membranes. However, the
TEER value is lower than on the polyester filter and the transport was de-
layed. The HUVEC cells on the hydrogel growth-matrix did not display any
barrier function.

4.5 Possible Improvements Tissue Models
The presented Caco-2 based small intestinal model can be improved by includ-
ing more cell types than enterocytes, as the small intestinal tissue includes
several cell types. The lymphatic/immune function, mucus, and metabolic
enzymes are the three main functionalities lacking in the presented Caco-2
based small intestinal model compared to the in vivo small intestinal tissue.

To incorporate mucus in the model, one could imagine adding another 3D-
printed insert on top of the insert with Caco-2 cells. This insert could be with
HT29-MTX, LS174T, or LoVo, thereby obtaining a mucus layer. A mucus
layer on a membrane directly on top of a Caco-2 layer has been seen before
though with a coating of porcine mucins instead of a layer of mucin producing
cells. [121] Another approach may be to use the co-culture of Caco-2 and HT29-
MTX cells. This approach might be more suited, since it avoids another layer
and a further diffusional gradient. Kim et al. saw mucus on a Caco-2 layer by
introduction of shear stress and peristalsis-like movements. [125] If this could
be incorporated that could potentially induce mucus expression in the Caco-2
cells.

Caco-2 cells lack expression of metabolic enzymes, but this can be cir-
cumvented. CYP3A4 expression can be induced by growing Caco-2 cells on
Matrigelr coated filters the presence of vitamin D. [204] Caco-2 cells in the
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Caco-2 based small intestinal model also grow on a soft hydrogel growth-
matrix it may be possible to induce expression of CYP3A4.

To model lymphoid tissue better, incorporation of macrophages, dendritic
cells, and lymphocytes could be considered to gain better representation of
the GALT. This will help in absorption modeling for lipophilic drugs, since
these can target lymphatic drainage.

Another approach to improve then first pass metabolism model could be
addition the nonalcoholic steatohepatitis model in the case of developing a
drug for this disease. Moreover, the co-culture of endothelial cells and smooth
muscle cells could be included, as smooth muscle cells are also present in the
underlying the villi in the lamina propria along with capillaries. [205] Though,
in terms of interaction with smooth muscle cells this might be better to model
larger vessels that can be contracted and relaxed.
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Chapter 5

Determination of Growth
Matrix Stiffness

This chapter includes results of the project presented paper II ‘Characteriza-
tion of thin gelatin-hydrogel membranes with balloon properties for dynamic
tissue engineering’ and a discussion of these results.

Paper II focuses on the third aim:

iii) Characterize the stiffness of the cell growth matrix

The method presented in this paper consists a thin gelatin-hydrogel membrane
in a 3D-printed insert (Figure 5.1A). Once submerged in a buffer, the thin
gelatin-hydrogel membrane could be stretched by stepwise addition of buffer
on top of the membrane (Figure 5.1B). This resulted in equibiaxial stretching
of the membrane, like a balloon. From the stepwise stretching of the membrane
a curve of the pressure of the water column against the stretch ratio could be
obtained (Figure 5.1C). The stiffness of the gelatin-hydrogel membrane was
obtained from the curve. The stretching of the gelatin-hydrogel was shown to
be reversible as removal of buffer from on top of the gelatin-hydrogel membrane
would let it contract (Figure 5.1D).

This chapter focuses on the theory behind stiffness determination of elastic
materials and evaluates the method of equibiaxial stretching based hydrogel
stiffness determination.
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Figure 5.1: Schematic illustrations of the submerged equibiaxial gelatin-hydrogel
membrane stretching method for determination of hydrogel stiffnesses: A) The
gelatin-hydrogel membrane in a 3D-printed insert. B) The gelatin-hydrogel mem-
brane (orange) is submerged in buffer (green) and stepwise stretched by an increas-
ing water column. C) Plot of the pressure of the water column as a function of
the stretch ratio. D) Images of stretching and contraction of the gelatin-hydrogel
membrane. Reprinted with permission from. [184]

5.1 Stretchable Materials

5.1.1 What Makes a Material Elastic?

For a material to exhibit elasticity, three requirements must be met; the pres-
ence of long-chain molecules with freely rotating links, weak secondary forces
between the molecules, and interlocking of the molecules at a few places to
create a 3D network. [206]

i) Long-chain molecules, with freely rotating links, lead to a greater am-
plitude of vibrations perpendicular to the chain than in the direction of the
chain itself, due to weaker lateral forces between the chains than the primary
valence forces within the chains. [207]

ii) The variety of conformations of rubber-like elastics must not be impeded
by the surrounding molecules, thus the secondary forces between the molecules
must be weak. [206]

iii) The interlocking cross-links of molecular chains with permanent pri-
mary chemical bonds are what distinguishes a rubber from a liquid (Figure
4.3). [169] Few linked points along the length of the molecules produce a linked
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network of all molecules, thus the molecules cannot move independently as in
a liquid.

As a result, a rubber-like material will have polymer chains that are curled
up, randomly oriented, and isotropic (i.e. directional independent). [206] How-
ever, when deformed, such as when stretched by a tensile force, the polymeric
chains are stretched and become highly anisotropic (i.e. directional depen-
dent) (Figure 5.2).

A B

Figure 5.2: Schematic of the polymer chain organization of elastic materials in:
A) Polymer chains in the natural state. B) Polymer chains in the deformed state.
Modified from. [206]

5.1.2 Stretching of a Rubber

Hydrogels are rubber-like elastic, [208,209] therefore stretching of hydrogels can
give information about their stiffnesses. When a rubber or rubber-like elastic
is stretched, strain (i.e. deformation of the material) is introduced resulting
in a reduction in entropy (i.e. a reduction in the number of allowable the
polymer configurations). The internal forces of the material try to counter
act the strain by increasing the entropy to let the polymer chains to curl
up. Curled up polymer chains reduce the strain and let the material retract.
However, the internal forces or resistance in a continuous material do not
change for large strains, since the polymeric chains in this state are fully
stretched. [169,206] In short, the retractive force is almost solely due to the
tendency of polymer chains in rubbers to return to a less ordered curled up
state. This distinguishes rubbers from ordinary solids as their elasticity is
caused by intermolecular forces. [210] The stiffness of a solid material can be
determined from the relationship between the stress introduced and the strain
it results in, this ratio is known as the Young’s modulus. [211] This value can
be obtained by rheological measurements.
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5.2 Rheological Stiffness Measurements
Rheology is the study of flow and deformation of materials. [211] Rheology can
be used to determine viscosities of liquids and emulsions and to determine
stiffness and yield stress of solid materials. [212] In rheology, two types of ma-
terial deformations are in focus; tensile stress or shear stress (Figure 5.3).

A0

dl

l

F

fixed surface

A B

α α

A0

F

fixed surface

Figure 5.3: Schematic of two types of material deformation: A) Tensile deformation
results from a tensile stress introduced into the material. B) Shear deformation
results from a stress introduced transverse into a material fixed to a surface. Modified
from. [211]

During tensile stress (σ) deformation is introduced by the force (F) acting
on the surface area (A0) resulting in a tensile strain (ε) that is dl/l, of which
l is the original length and dl is the change as a result of the tensile stress.
From which the Young’s modulus (E) can be obtained:

E = σ

ε
= (F/A0)

(dl/l) (5.1)

Hence, Young’s modulus is a measure of a material’s ability to withstand
changes in length under lengthwise tension or compression and is normally
given in pascal. However, tensile stress is not always a viable option strain
introduction as materials rarely come as perfect cubes, hence shear stress can
be utilized.

When a material is exposed to shear stress a shear modulus (G) can be
obtained, as was done in paper I. Shear stress (τ) is achieved by fixating the
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strained object to a surface transverse of the force. The tangent angle of
the shear stress (α) gives the shear strain (γ). The shear modulus is then a
measure of a material’s ability to withstand transverse force:

G = α

γ
= (F/A0)

tan α
(5.2)

The shear modulus and the Yong’s modulus are related to each other
through the following equation:

E = 2G (1 + ν) (5.3)

Where, ν is Poisson’s ratio (i.e. the ratio of transverse strain (εtransverse)
to the longitudinal strain (εlongitudinal)): [213]

ν = εtransverse
εlongitudinal

(5.4)

Theoretically, isotropic materials have a Poisson’s ratio between -1≤ν≤ 0.5. A
Poission’s ratio of ν=0.5 means that the material is incompressible and when
stretched in the longitudinal axis there is a corresponding shortening of the
transverse axis. Hence, incompressible materials display a volume constant
deformation. A perfectly elastic material has a Poisson’s ratio of ν=0.5. A
fully swollen hydrogel behaves as a rubber-like material, [209] and has a Pois-
son’s ratio close to 0.5. [177,208] Hence, the Young’s modulus of a hydrogel is
given by about three times the shear modulus (Equation 5.3).

In summary, the Young’s modulus can be obtained by measuring the force
applied and change in shape of a cube of hydrogel. However, materials rarely
come as perfect cubes, hence it is necessary to have others ways to intro-
duce stress and measure strain. One method of introducing shear stress is a
rheometer with which viscoelastic materials are often characterized.

5.2.1 Rheometer

Certain materials flow, act like liquids, when observed over time these are
considered viscoelastic. [214] Viscoelastic materials have three properties:

i) When exposed to a step constant strain display decreased stress (stress
relaxation)

ii) When exposed to a step constant stress display increased strain (creep)

iii) Displays a stress-strain phase lag (hysteresis)
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Figure 5.4: Cartoon of the principle of a rheometer: The substrate (red) is placed
in between two parallel plates (green). The top plate oscillates with a given force
thereby applying shear stress resulting in shear strain from which storage and loss
moduli are obtained.

A rheometer introduces shear strain into a viscoelastic material between
two parallel plates (Figure 5.4). [211]In a rheometer one of the two parallel
plates is fixed and the other plate oscillates to introduce shear stress into the
sample. The oscillating shear stress consists of an in-phase and an out-of-
phase shear stress part. Resulting in a complex shear modulus (G) consisting
of two components; the elastic (in-phase) shear storage modulus (G’) and
the viscous (out-of-phase) shear loss modulus (G”). [212] The shear storage
modulus is the energy stored and recovered in cyclic deformation and the
shear loss modulus is the energy dissipated as heat. The shear modulus can
give the Young’s modulus (Equation 5.3), and it can be obtained from the
shear and loss moduli output from a rheometer:

G2 = G’2G”2 (5.5)

These moduli can only be achieved under very small strains therefore a rheome-
ter rely on very small oscillation and precise measurements, hence rheometers
are expensive. [211]

5.3 Rheometer Compared to Equibiaxial
Stretching

As mentioned above, paper II describes a method that was developed to de-
termine the softness of hydrogels in an aqueous environment. Shear stress is
achieved by equibiaxial stretching of the gelatin-hydrogel membrane, similar
to inflating a balloon. [215] The stretch ratio is measured for specific pressures.
From the stretch ratio and the corresponding pressure the shear modulus (G)
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can be obtained from which the Young’s modulus can be obtained (Equation
5.3). As the gelatin-hydrogel membrane is submerged in a buffer, swelling
of the hydrogel is secured meaning ν≈0.5 and precise determination of the
softness given by Young’s modulus.

A rheometer is expensive since it needs to do very precise measurements,
whereas the presented method only relies on very few components that would
usually be in a laboratory. Though, a rheometer has multiple functions, such
as following the gelation, which the equibiaxial stretching method does not
have.

In the equibiaxial stretching method, the gelatin-hydrogel membrane is
submerged in a buffer so it is swollen. Swelling is more difficult to achieved
when using a rheometer. Furthermore, evaporation is more likely to occur in
the rheometer, but it can be avoided by addition of oil around the sample.

In paper II, a 5 % gelation hydrogel membrane was measured, and the
Young’s modulus measured with the equibiaxial stretching method was 350
Pa, whereas with a rheometer it was 780 Pa. Hence, the two methods give
comparable results. The lower Young’s modulus measured with the equibi-
axial stretching method could be due to the swelling of the gelatin-hydrogel
membrane. These measurements, however, are close to the stiffnesses of the
in vivo tissues modeled in the first pass metabolism model. Where, epithelial
tissue have a Young’s modulus of close to 1,000 Pa. [152,216] Moreover, epithe-
lial cell lines have been shown to display epithelial polarization when casted
in hydrogel growth-matrices with a Young’s modulus <400 Pa. [160] Hence, the
gelatinhydrogel growth-matrix has a stiffness suitable for the tissues models
in paper I.

One can imagine seeding cells on the hydrogel and measure the Young’s
modulus to determine the influence from the cells on the stiffness of the hy-
drogel. This can give information about the nature of the specific cells. This
could be relevant for cell types such as muscle cells to determine how ’strong’
they are. Another goal could be to ’train’ cells such as vascular smooth mus-
cle cells (VSMCs) which can detect mechanical stimulus from pulsatile stretch
and change gene expression as a consequence thereof. [217,218] This influences
cellular functions such as proliferation, apoptosis, and migration.

As mentioned above (Section 3.2), peristalsis-like deformation have led to
expression of mucin-2 from Caco-2 cells. [125] One could imagine combining
the thin stretchable gelatin-hydrogel membrane from paper II with the Caco-
2 based small intestinal model from paper I. By moving the insert up and
down to create a change in water pressure peristalsis-like movements can be
introduced. This might push the Caco-2 cells to express mucus.
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Chapter 6

Ongoing Research Project
with the First Pass
Metabolism Model

This chapter is based on preliminary data from ongoing or unfinished projects.
Section 6.1 includes research performed on external stay at the School of
Medicine at Dundee University, United Kingdom. Section 6.2 includes re-
sults obtained by Anna Kathrine Bach Mortensen, whom I supervised during
her master project ‘Rolling capture of monocytes on endothelial layers for
atherosclerosis modelling’.

6.1 Transport of Phenformin Measured by
Luciferase

6.1.1 Inhibition of the Gluconeogenesis from Phenformin

To show a drug absorbed through the small intestine having an effect on the
liver compartment, phenformin was used to affect the liver compartment. For
this study the HUVEC based endothelial model was left out to secure that a
higher amount of absorbed phenformin would reach the liver compartment.

Phenformin, like metformin, is a biguanide that can inhibit the gluco-
neogenesis in the liver (Figure 6.1A). [219] Both drugs inhibit the respira-
tory chain complex I in the mitochondria leading to activation of adenosine
monophosphate-activated protein kinase (AMPK) and inhibition of the glu-
coneogenesis (Figure 6.1B). [220,221] Phenformin has been shown to be trans-
ported by the human organic cation transport 1 (hOCT1). [222] Caco-2 cells
have a low expression of this transporter. [76] It has been shown that blocking
of hOCT1 can hinder the activation AMPK by metformin but not by phen-
formin. [220] Hence, the cellular uptake of phenformin is not completely depen-
dent on the hOCT1 transporter as it is for metformin. Therefore, phenformin
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was chosen to try and block the gluconeogenesis of hepatic cells, as it was be-
lieved to have a higher chance to cross the Caco-2 cell monolayer. Phenformin
with a partition coefficient (logP) of -0.83 is more lipophilic than metformin
with a logP of -1.43, as a result metformin is a specific but weak inhibitor of
complex I, whereas phenformin is more potent but less specific. [221,223,224] The
higher lipophilicity could also be the explanation for why the cellular uptake
is not hindered by inhibition of hOCT1, since lipophilic drugs are better at
crossing the lipid bilayer cell membrane than hydrophilic drugs.

A B

Figure 6.1: Structures of phenformin and metformin and diagram of mechanic
of inhibition of hepatic gluconeogenesis: A) Chemical structure of metformin and
phenformin. B) Phenformin inhibition of the gluconeogenesis.
Figure key: adenosine diphosphate (ADP), adenosine monophosphate (AMP),
adenosine monophosphate-activated protein kinase (AMPK), adenosine triphosphate
(ATP), cyclic adenosine monophosphate (cAMP); fructose-1,6-bisphosphate
(F16BP); fructose-2,6-bisphosphate (F26BP); fructose-1,6-bisphosphatase
(F16BPase); fructose-6-phosphate (F6P); glucose-6-phosphate (G6P), glucose-
6-phosphatase (G6Pase); glucose transporter-2 (GLUT2); organic cation transporter
1 (OCT1); 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 1(PFKFB1);
protein kinase A (PKA). Reprinted with permission from. [225]

Glucose-6-phosphatase (G6Pase) is important for providing the body with
glucose during fasting and is mainly found in the liver and the kidneys. [226] Its
transcription can be inhibited by phenformin that lowers the promoter activ-
ity. [227] During fasting lactate, pyruvate, glycerol, and certain amino acids are
converted to glucose through the gluconeogenic pathway of which a hydrolysis
of glucose-6-phosphate to glucose by G6Pase is the last step before release of
glucose from the liver to circulation (Figure 6.1B). [228] The gluconeogenesis is
upregulated in the liver during fasting and diabetes.

Phenformin has been shown to reduce the G6Pase promoter activity with
a half maximal inhibitory concentration (IC50) value of 8.7 µM. [227] To show
this effect a G6Pase promoter luciferase cell line called LLGH replaced the
HepG2 based liver model. [229] To obtain LLGH cells, cells from a rat hepatoma
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cell line were previously transfected with the pGL4-Human G6Pase construct
using the calcium phosphate transfection methodology. By lysing the cells and
mixing the lysate with a luciferase agent it was possible to obtain a relative
amount of G6Pase promoter.

6.1.2 Phenformin Transport Study

The setup of the phenformin study included the Caco-2 small intestinal tissue
model and LLGH cells underneath the Caco-2 cells (Figure 6.2). By changing
the growth conditions, cells can be manipulated to a fasting state this switches
the metabolism from glycolysis to gluconeogenesis. In this study, the growth
conditions for the LLGH cells simulated a fasting state by addition of dex-
amethasone, which is a glucocorticoid, and cyclic adenosine monophosphate
(cAMP). [227] cAMP increases G6Pase expression, [230] and glucocorticoids pro-
mote hepatic gluconeogenesis. [231] The hypothesis of this study was:

Phenformin can cross the Caco-2 monolayer and reach the LLGH cells
underneath to inhibit the gluconeogenesis that would otherwise be upregulated
in the fasting state.

100 µM phenformin was added apically to either a Caco-2 monolayer or an
empty hydrogel growth-matrix. As a positive control the same amount of
phenformin was added directly to the LLGH cells. As phenformin reduce
the amount of G6Pase promoter, a reduced luciferase signal corresponds to a
lowered amount of G6Pase promoter.

Hence, the aim was to see a larger drop of the luminescent signal when
phenformin was added to an empty hydrogel growth-matrix than when a Caco-
2 monolayer was present.

Figure 6.2: Schematic drawing of experimental setup for LLGH luciferase assay
connected with the Caco-2 small intestinal tissue model.

When phenformin was not added G6Pase was expressed and there was
a luminescent signal (Figure 6.3). When phenformin was added directly to
the LLGH cells, basolateral for the Caco-2 cells, there was a drop in lumi-
nescence (Figure 6.3). When phenformin instead was added apically to a
Caco-2 monolayer or an empty hydrogel growth-matrix there was not a drop
in luminescence.
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One could speculate that it would have been better to add dexamethasone
and cAMP after the transport study. Thereby, fasting would not be initiated
before phenformin has a chance to be transported. Since, the transcription of
G6Pase promoter might already be initiated before phenformin could reach
the cells. In short, initiating fasting after the transport study secures that
the measured luminescence is not from G6Pase promoter transcribed before
inhibition of transcription.
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Figure 6.3: LLGH luciferase assay on transported phenformin: Luminescence shown
as normalized to "no drug" sample for each individual of three independent experi-
ments. No drug, n=8; Drug apical, n=8; No Caco-2/drug apical, n=8; Drug basolat-
eral, n=7.

Another explanation can be the diffusional barrier of the hydrogel. The
thickness of the hydrogel growth-matrix, on which the Caco-2 cells are, is 1
mm. However, in vivo the capillaries in the villi are right under the basal mem-
brane of the epithelial cells. [205,232] Much thinner hydrogel growth-matrices
would better resemble the connective tissue of the small intestinal villi in vivo.
Furthermore, in vivo there is a larger concentration gradient as the blood ves-
sels beneath the basal membrane transport the absorbed drug quickly via the
blood stream. Whereas, in the model the transported drug passes through
the hydrogel growth-matrix much slower, resulting in a smaller concentration
gradient.

6.2 Shear Stress on Endothelial Cells
In paper I, the HUVEC based endothelial model did not display barrier func-
tion. It was grown in stagnant cell medium which far from the in vivo situa-
tion. In vivo, the vascular endothelial cells are subjected to flow and are able
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to sense flow through a variety of receptors. [233,234] Laminar flow on vascular
endothelial cells affects gene expression of multiple processes; alignment, me-
chanical properties, proliferation, apoptosis, migration, and permeability. [235]
Moreover, it has previously been shown that shear stress can lead to alignment
of endothelial cells. [236,237] Therefore, the hypothesis for this study was:

A better morphology of HUVEC cells can be obtained by implementation
of an in vivo-like flow.

To apply flow to the endothelial cells a rotor system, which could fit into
a titer plate, was developed with the thought of potentially being combined
with the HUVEC endothelial model (Figure 6.4). The 3D-printed shear sys-
tem had a Lego Mindstorms® motor attached to revolve a shaft connected
to gears with rotors that would rotate in each well of a titer plate. In this
study, HUVEC cells were exposed to shear for 48 h with the 3D-printed shear
method.

Figure 6.4: Rendering 3D-printed insert a long with gears connected to rotors that
fit in a 24 well titer plate.

As expected, the HUVEC cells displayed dense peripheral bands of F-actin
when not exposed to shear stress (Figure 6.5A). [238] When the endothelial cells
were exposed to shear stress, the F-actin fibers orient parallel to the long axis
of the cell (Figure 6.5B). TNFα induced morphological changes to endothe-
lial cells such as elongation and F-actin reorganization (Figure 6.5C). [239,240]
Thus, what was seen with both TNFα and shear stress was a synergistic effect
(Figure 6.5D).
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Figure 6.5: Images obtained by confocal microscopy representing of HUVEC cells
exposed to shear and TNFα: A) Control HUVEC cells without shear stress and TNFα
stained for F-actin (green) and nucleus (blue) showing dense peripheral bands (ar-
rowheads). B) HUVEC cells exposed to shear stress displaying stress fibers (arrows).
C) HUVEC cells exposed to TNFα displaying stress fibers (arrows). D) HUVEC cells
exposed to shear stress and TNFα displaying stress fibers (arrows). Scalebars: 100
µm.

The shear stress of the shear system was estimated to ∼0.5 dyn cm-2

(data not shown), which is substantially lower than the 12-40 dyn cm-2 which
previously have been used to introduce shear stress to F-actin reorganiza-
tion. [236–238,241,242] Though, the estimate of ∼0.5 dyn cm-2 might not be pre-
cise as it was calculated from difference of movement speed of floating cells
in two different planes under flow. Even though, it is not necessary in this
case to increase the shear stress, it would be possible to change the rotor of
the system. If the rotor is designed as a flat disc, as in a rheometer (Section
5.2), the shear stress would increase. Another way could be by increasing the
viscosity of the cell culture medium.
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Chapter 7

Conclusion

In this PhD project, a first pass metabolism method consisting of three cell
based tissue models was presented. Evaluations of cell permeability and mor-
phology of the tissue models were presented in paper I. A method to evaluate
the stiffness of the growth matrices was presented in paper II.

The first hypothesis for this PhD project was:

i) Inserts for connected cell cultures can be fabricated with 3D printing

The tissue models for the first pass metabolism method were based on 3D-
printed inserts with hydrogel growth-matrices. With the 3D-printed inserts it
proved easy to culture multiple cell types individually and to connect them
once fully differentiated. The cultures can grow as either 2D or 3D cultures
under each their optimized growth conditions. The hydrogel growth-matrices
can be dissolved and the 3D-printed inserts can be reused, however, the hy-
drogel growth-matrices need to be re-casted each time. Due to the casting
of the hydrogel growth-matrices, the method is more time consuming than
commercial titer plate inserts with polyester filters. Nonetheless, the hydrogel
growth-matrix allows for following the growth of cell cultures as it is trans-
parent.

The method is not based on PDMS, and thus there is not a risk of small
hydrophobic molecules diffusing into it. The material of the 3D-printed in-
serts is laborious to get biocompatible and the fabrication is slow. If the
method was to be standardized, it would be of interest to injection mold the
3D-printed inserts. Injection molding will speed up the production and give
the possibility of selecting well characterized biocompatible materials.
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The second hypothesis for this PhD project was:

ii) A good prediction of the first pass metabolism can be obtained by
connecting in vitro cell based tissue models

The design of the connected tissue models allowed for sampling underneath
each tissue model. As a result, it was possible to mimic and follow a drug’s
way from the small intestine to the liver. Thereby, the model displays the
connection of the small intestine, the vascular endothelium, and the liver.
However, the single cell-type based tissue models presented are simple and
lack some functionality. The Caco-2 small intestinal model lacks metabolic
enzymes, mucus, and immune activity. The HUVEC endothelial model did
not display a barrier function. Functional tests of the metabolic activity of
the HepG2 liver model are yet to be performed. However, the method can be
used as a base for more complex tissue models.

The Caco-2 small intestinal tissue model displayed permeabilities both
paracellularly and transcellularly comparable with Caco-2 cells cultured on
polyester filters, even if the electrical resistance was lower. Though, the lower
electrical resistance is closer to the in vivo resistance than the high resistance
of Caco-2 cells on polyester filters. However, the thickness of the hydrogel
growth-matrix acts as a diffusional barrier slowing transport. Hence, the
method would benefit from replacing the gelatin hydrogel growth-matrix with
a hydrogel of a material with a higher permeability.

The third hypothesis for this PhD project was:

iii) Stiffness characterization of soft cell growth-matrices can be achieved
while the growth matrices are submerged in a relevant buffer

The stiffnesses of thin gelatin-hydrogel membranes measured with the equibi-
axial stretching method was close to but slightly lower than that observed with
a rheometer. Hence, the method could be used to determine stiffnesses of soft
hydrogel growth-matrices while submerged in a buffer. Moreover, the method
does not rely on expensive equipment, and thus can be a cheap way to mea-
sure stiffnesses of soft hydrogel growth-matrices. However, the method relies
on laborious analysis of stretching images with image-analysis software and
plotting of graphs where data processing is more automatic with a rheometer.
In addition to stiffness characterization of soft hydrogels, it was possible to
stretch cells with the thin gelatin-hydrogel membrane.
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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 HepG2 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. 
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1. Introduction

Oral drug administration is preferred due to low cost and high patient compliance.[1]  60 % of 

all drugs are administered orally emphasizing the importance of this administration route.[2] 

Drug development usually takes 10-15 years and costs up to $1.8 billion in total, [3,4] and 

improving the research and the development phases will have the biggest cost reducing effect.[4] 

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.[5–7] 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. 

[8] 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.[9–12] 

Microfluidic devices can connect multiple cells types for ADME testing.[13,14] 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.[14,15]  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.[13] However, when aiming for ADME testing of 

microparticles or drug delivery systems up to 400 µm in size,[16–19] there is a need for ADME 

test systems larger than those supported by microfluidics where channels are normally a few 

hundred µm in height.[13,14,20] Furthermore, most reported microfluidics systems are made of 
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the polymer polydimethylsiloxane (PDMS). PDMS has many properties suitable for this 

application, but small hydrophobic molecules have a tendency to diffuse into PDMS which can 

be problematic.[21–24] 

In vivo, tissues are very soft.[25] Culturing of cells in a softer matrix gives a more in vivo-

like environment for the cell cultures than on hard plastic surfaces, because cells sense the 

stiffness of their growth matrix.[26] Epithelial cells grown on a soft matrix display organization 

and polarity which resembled the phenotype found in vivo.[27] 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.[28–33] 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.[32–34] Caco-2 cells grown on hydrogel growth-matrices have been shown to have 

higher paracellular permeability than when grown on polyester filters.[32] 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. [35,36] This has been done 

with cell cultures such as HepG2 hepatocytes,[30,37] mesenchymal stem cells,[38] and adipose 

tissue-derived stromal cells.[39] 

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 
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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.[40] 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 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 
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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). 

 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.[41] 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.[42]  

  

 

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, 
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P2 for sampling under the yellow insert, and P3 for sampling under the red insert. B) Assembly of tissue-model inserts. 

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

Previously, in vitro microfluidics systems combining cellular barriers and underlying 

tissues have been published.[13,14,43] 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.[44] 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 µm or larger. [16–18]  This is not possible 

with the microfluidic system as these typically have channels in the range of few hundreds µm. 

[13,14,20] 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.[40] 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).  
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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.[45]  

  

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.[46] The HUVEC cell line, a 

primary non-immortalized cell line of human origin,[47,48] was used to model the vascular 

endothelium. HepG2 cells, the most widely used human hepatoma cell line for studying 

pharmaco-toxicology,[49] 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 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

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). 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 transepithelial electrical resistance (TEER) value 

of Caco-2 cells grown on hydrogel growth-matrices increased over three weeks to a final value 
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of 551±248 W cm-2 (mean±SD, n=16). By contrast, Caco-2 cells grown on polyester filters 

reached 1585±159 W cm-2 (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 W cm-2.[34,50]  Hence, the value reported here of 551 W cm-2 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.[51,52] 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 W cm-2.[52,53]  However, the TEER value is highly dependent on the measuring 

equipment used and consequently it is difficult to make a comparison.[54] 

 

 

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 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 µm.  
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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.[55,56] 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.[56] 

HepG2 cells grown in 3D as spheroids has been shown to have a higher drug sensitivity 

than HepG2 cells grown as 2D cell-cultures.[57] 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 S4). 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,[40] which has a Young’s modulus (E) of approximately  300-

600 Pa.[58,59] HepG2 spheroids of <200 µm took 20 days of culture while spheroids ³200 µm 

took 27 days (Figure S4). Hepatocytes grown for 20 days were thought to be more suitable for 

metabolic and toxic studies, since spheroids >200 µm have been shown to have a hypoxic core 

due to insufficient oxygen diffusion.[45,60,61] 
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3D cultures have molecular gradients of nutrients and effector molecules, leading to 

different phenotypes of the cells located centrally and peripherally in the tissue.[30,45] In the 

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

of oxygen, since oxygen has a relatively low solubility in cell medium whereas gradients of 

glucose and amino acids are almost negligible.[45] 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.[30] While Pimentel et al.[30] 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 µm 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-
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matrix was assessed by TEER measurements and compared to the lucifer yellow permeability. 

A TEER value above 300 W cm-2 was determined as a tight layer because the permeability 

dropped approximately 14 times with TEER >300 W cm-2 (Figure 4B). Presumably, because at 

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

growth-matrix. Empty gelatin hydrogels and polyester filters displayed similar high 

permeabilities of 3.18´10-5±4.74´10-6 cm s-1 (mean±SD, n=8) and 3.90´10-5±3.03´10-6 cm s-1 

(mean±SD, n=9), respectively (Figure 4C). The permeability of the polyester filter was 

significantly more permeable to lucifer yellow (p-value=0.34´10-2), 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 1.22´10-6±1.30´10-6 cm s-1

(mean±SD, n=8) (for TEER  values >300 W cm-2) and 4.19´10-7±2.77´10-7 cm s-1 (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 2.09´10-5±6.20´10-6 cm s-1 (mean±SD, n=7) and the permeability for the 

empty gel was also 2.09´10-5±9.52´10-6 cm s-1 (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.[62]  

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 1.40´10-6±1.12´10-6 

cm s-1  (mean±SD, n=9)  with cells and 1.15´10-6±1.08´10-6 cm s-1 (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). 
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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.  

 

The presented method also allowed for investigation of drug transport in the opposite 

direction (from basolateral to apical). For Caco-2 cells, the permeability of lucifer yellow from 

the basolateral to apical side was shown to be 2.12´10-5±5.45´10-6 cm s-1 (mean±SD, n=11) for 
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a not fully confluent Caco-2 layer. Whereas, for HUVEC cells, the permeability of lucifer 

yellow from the basolateral to apical side was shown to be 2.00´10-5±4.35´10-6 cm s-1

(mean±SD, n=17). This allows for, in the future, to simulate an intravenous injection and 

thereby to follow the distribution of a drug in the different tissues. 

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. [63] 

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=5.7´10-6) 

(Figure 6B). This is in accordance with what Li et al. observed, as they reported a furosemide 

permeability of 1.3´10-6 cm s-1 across a Caco-2 layer.[64] Pade et al. showed a furosemide 

permeability of 1.2´10-7 cm s-1 at pH 7.2 across Caco-2 cells on filters,[65]  and Hilgendorf et 

al. showed a furosemide permeability of 2.9´10-7 cm s-1 at pH 6.5 across Caco-2 cells on 

filters.[66] Nielsen et al. showed a permeability of 8.63´10-6 cm s-1 with an apical pH of 7.4 and 

basolateral pH of 6.5,[67] and Rege et al. reported 6.8´10-7 cm s-1 with pH 6.8 both apically and 

basolaterally.[68]

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 

pump P-glycoprotein, of which furosemide is a substrate,[69] to the same extent as Caco-2 cells 
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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 ´ 10-7 cm s-1,[69] or little 

more than two fold lower compared to the Caco-2 on the hydrogel growth-matrix. Hence, the 

presented setup might be closer to the in vivo situation than Caco-2 cells grown on polyester 

filters. 

 

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.[70] 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.[71] Transport of valacyclovir and 
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acyclovir across an empty hydrogel growth-matrix was 9.80±1.23 % , (mean±SD, n=4) and 

11.55±0.70 % (mean±SD, n=4) over 4 h, respectively. 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. 83.99±2.39% 

(mean±SD, 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% (mean±SD, n=4) was converted on top of an empty 

gel. Since, Caco-2 cells are known to express carboxylesterases which convert valacyclovir to 

acyclovir,[72] this indicates that the Caco-2 cells differentiate to tight monolayers with 

expression of metabolic enzymes. 

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 
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tissue models. The system can be adjusted to the need of lower or higher cells amount, drug, 

and signal molecule. 

 

 

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-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 TM  594  Phalloidin, LIVE/DEADTM  Viability/Cytotoxicity Kit (L3224), 

Hank’s Balanced Salt Solution (HBSS (10X), 12 well Transwell® inserts (pore size 0.4 µm)  

(Corning), and lucifer yellow (InvitrogenTM) 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 (Nümbrecht, 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, 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 (passage 3-12) were 

cultured in endothelial culture medium FBS (10 % (v/v)), and P/S (100 U mL-1 penicillin and 

100 µg mL-1 streptomycin). HepG2 cells (passage 100-130) were cultured in RMPI 1640 

medium FBS (10 % (v/v)), and P/S (100 U mL-1 penicillin and 100 µg mL-1 streptomycin). 

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 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). 
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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 (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 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 for Caco-2 and 

HUVEC or 2.5 U mL-1 for HepG2) was added. The hydrogel growth-matrix was crosslinked 

for 1 h at 37 °C. Afterwards, the 3D-printed insert was removed from the casting device. Either 

106 cells mL-1 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-2, whereas polyester filters were seeded with ~140,000 

Caco-2 cells corresponding to ~125,000 cells cm-2. Both seedings were within the 

recommended density.[73] 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-
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matrix. 1 mL medium was added on top and below the hydrogel growth-matrix with HepG2 

cells. 500 µL was added on top and 1 mL below hydrogel growth-matrices with Caco-2 and 

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 µL diluted in 

200 µL 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 µg/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 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. 
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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 calcein (4 mM) for 1 

h at room temperature. The samples were washed in PBS two times and then kept in 200 µL 

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 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-

NEOFLUAR 10x/0.5 HD. 100 µL 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.[74] 

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 in 

Fiji.[74] 

 

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 
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cell monolayers. The resistance of the monolayers was corrected by subtracting the resistance 

of an average (n=3) from blank wells without cells:  

𝑅"#$%&' − 𝑅)&#*+ = 𝑅-'&&	&#/'0  (1) 

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

resistance values in W 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 TEER study over time, an 

average blank was obtained to be 130 W cm2 for conventional transwells and 160 W cm2 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 µM 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 µL were taken and 50 µL 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 
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was performed. 0.75 mg mL-1 furosemide was added to the apical compartment. The transport 

study was performed for 4 h at 37 °C. Samples of 50 µL were taken and 50 µL 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,[75] 

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, 

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 ´ 4.6 mm, 5 

µm) 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 µL 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 mg mL-1 valacyclovir was added to the apical compartment. 

The transport study was performed for 4 h at 37 °C. Samples of 50 µL were taken and 50 µL 

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.[76] The injection volume was 10 µL with a flow rate of 0.7 mL min-1 and a 

temperature of 40 °C. The valacyclovir/acyclovir content of samples was identified using UV 

detection at a wavelength of 254 nm. 
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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 the HUVEC layer, “c” is 

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

 

Transport Across the Intestinal layer 

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

 

𝐶2(𝑡) = 𝐶2(𝑡678) −
[:;(<)7=×:;(<?@A)]×C;

CD
 (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 − CG
C;

 (3) 

Where, VS is the sampling volume. The receiver concentration was calculated from the 

concentrations in each compartment at a given time: 

𝐶H(𝑡) =
[)(<)]×C;I[-(<)]×C;I[J(<)]×C;

C;
 (4) 

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

with the following equation: 

𝐶𝑇𝐹(𝑡) = 8
M
× ∑ [:;(<O)7=×:;(<O@A)]×C;

[:D(<O@A)I:D(<O)]/Q
6
+R8 (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: 



  

28 

 

𝐶H(𝑡) = [𝑎(𝑡)] (6) 

 

Transport Across the Endothelial Layer 

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

𝐶2(𝑡) = 𝐶2(𝑡678) −
[:T(<)7=×:T(<?@A)]×C;

CD
 (7) 

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

𝐶U(𝑡) =
[#(<)]×C;I[-(<)]×C;I[J(<)]×C;

C;
 (8) 

 The receiver concentration was calculated from the concentrations in the receiving 

compartments c and d: 

𝐶H(𝑡) =
[-(<)]×C;I[J(<)]×C;

C;
 (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: 

𝐶H(𝑡) =
[#(<)]×C;I[)(<)]×C;

C;
 (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: 

𝐶U =
[#(<)]×C;I[)(<)]×C;I[J(<)]×C;

C;
 (11) 

The receiver concentration was calculated from the concentrations in the receiving 

compartment d at a given time: 

𝐶H(𝑡) = [𝑑(𝑡)] (12) 
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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. Statistics 

The data are presented as number of repetitions (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 

determined significant different when p-value<0.05. 
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Supporting Information is available from the Wiley Online Library or from the author. 

Acknowledgements 

The authors would like to acknowledge the Danish National Research Foundation (DNRF122) 

and Villum Fonden (Grant No. 9301) for Intelligent Drug Delivery and Sensing Using 

Microcontainers and Nanomechanics (IDUN).  

References 

[1] P. V. Balimane, S. Chong, R. A. Morrison, J. Pharmacol. Toxicol. Methods 2000, 44,



  

30 

 

301. 

[2] P. Colombo, F. Sonvico, G. Colombo, R. Bettini, Pharm. Res. 2009, 26, 601. 

[3] M. Dickson, J. P. Gagnon, Nat. Rev. Drug Discov. 2004, 3, 417. 

[4] S. M. Paul, D. S. Mytelka, C. T. Dunwiddie, C. C. Persinger, B. H. Munos, S. R. 

Lindborg, A. L. Schacht, Nat. Rev. Drug Discov. 2010, 9, 203. 

[5] A. Sivaraman, J. Leach, S. Townsend, T. Iida, B. Hogan, D. Stolz, R. Fry, L. Samson, S. 

Tannenbaum, L. Griffith, Curr. Drug Metab. 2005, 6, 569. 

[6] J. Törnell, M. Snaith, Drug Discov. Today 2002, 7, 461. 

[7] S. Venkatesh, R. A. Lipper, J. Pharm. Sci. 2000, 89, 145. 

[8] G. Lazzari, V. Nicolas, M. Matsusaki, M. Akashi, P. Couvreur, S. Mura, Acta Biomater. 

2018, 78, 296. 

[9] C. Venter, C. Niesler, Biotechniques 2018, 64, 52. 

[10] E. Dohle, I. Bischoff, T. Böse, A. Marsano, A. Banfi, R. E. Unger, C. J. Kirkpatrick, Eur. 

Cells Mater. 2014, 27, 149. 

[11] P. Miranda-Azpiazu, S. Panagiotou, G. Jose, S. Saha, Sci. Rep. 2018, 8, 8784. 

[12] R. A. M. Blom, S. T. Erni, K. Krempaská, O. Schaerer, R. M. Van Dijk, M. Amacker, 

C. Moser, S. R. R. Hall, C. Von Garnier, F. Blank, PLoS One 2016, 11, e0163539. 

[13] F. An, Y. Qu, Y. Luo, N. Fang, Y. Liu, Z. Gao, W. Zhao, B. Lin, Sci. Rep. 2016, 6, 25022. 

[14] I. Maschmeyer, A. K. Lorenz, K. Schimek, T. Hasenberg, A. P. Ramme, J. Hübner, M. 

Lindner, C. Drewell, S. Bauer, A. Thomas, et al., Lab Chip 2015, 15, 2688. 

[15] S. J. Trietsch, G. D. Israëls, J. Joore, T. Hankemeier, P. Vulto, Lab Chip 2013, 13, 3548. 

[16] Z. Abid, S. Strindberg, M. M. Javed, C. Mazzoni, L. Vaut, L. H. Nielsen, C. Gundlach, 

R. S. Petersen, A. Müllertz, A. Boisen, et al., Lab Chip 2019, 19, 2905. 

[17] H. D. Chirra, L. Shao, N. Ciaccio, C. B. Fox, J. M. Wade, A. Ma, T. A. Desai, Adv. 



31 

Healthcare Mater. 2014, 3, 1648. 

[18] K. J. McHugh, T. D. Nguyen, A. R. Linehan, D. Yang, A. M. Behrens, S. Rose, Z. L.

Tochka, S. Y. Tzeng, J. J. Norman, A. C. Anselmo, et al., Science 2017, 357, 1138.

[19] J. R. Jørgensen, M. L. Jepsen, L. H. Nielsen, M. Dufva, H. M. Nielsen, T. Rades, A.

Boisen, A. Müllertz, Eur. J. Pharm. Biopharm. 2019, 143, 98.

[20] H. J. Kim, D. Huh, G. Hamilton, D. E. Ingber, Lab Chip 2012, 12, 2165.

[21] J. D. Wang, N. J. Douville, S. Takayama, M. Elsayed, Ann. Biomed. Eng. 2012, 40, 1862.

[22] D. Huh, H. J. Kim, J. P. Fraser, D. E. Shea, M. Khan, A. Bahinski, G. A. Hamilton, D.

E. Ingber, Nat. Protoc. 2013, 8, 2135.

[23] K. Y. Chumbimuni-Torres, R. E. Coronado, A. M. Mfuh, C. Castro-Guerrero, M. F. Silva,

G. R. Negrete, R. Bizios, C. D. Garcia, RSC Adv. 2011, 1, 706.

[24] M. W. Toepke, D. J. Beebe, Lab Chip 2006, 6, 1484.

[25] D. T. Butcher, T. Alliston, V. M. Weaver, Nat. Rev. Cancer 2009, 9, 108.

[26] B. Geiger, A. Bershadsky, Curr. Opin. Cell Biol. 2001, 13, 584.

[27] M. J. Paszek, N. Zahir, K. R. Johnson, J. N. Lakins, G. I. Rozenberg, A. Gefen, C. A.

Reinhart-King, S. S. Margulies, M. Dembo, D. Boettiger, et al., Cancer Cell 2005, 8,

241.

[28] N. Annabi, S. M. Mithieux, P. Zorlutuna, G. Camci-unal, A. S. Weiss, A.

Khademhosseini, Biomaterials 2013, 34, 5496.

[29] Y. Li, G. Huang, B. Gao, M. Li, G. M. Genin, T. J. Lu, F. Xu, NPG Asia Mater. 2016,

8, e238.

[30] R. Pimentel C., S. K. Ko, C. Caviglia, A. Wolff, J. Emnéus, S. S. Keller, M. Dufva, Acta

Biomater. 2017, 65, 174.

[31] S. Hong, D. Sycks, H. F. ai Chan, S. Lin, G. P. Lopez, F. Guilak, K. W. Leong, X. Zhao,



  

32 

 

Adv. Mater. 2015, 27, 4035. 

[32] R. L. DiMarco, D. R. Hunt, R. E. Dewi, S. C. Heilshorn, Biomaterials 2017, 129, 152. 

[33] D. B. Gunasekara, J. Speer, Y. Wang, D. L. Nguyen, M. I. Reed, N. M. Smiddy, J. S. 

Parker, J. K. Fallon, P. C. Smith, C. E. Sims, et al., Anal. Chem. 2018, 90, 13331. 

[34] J. Susewind, C. De Souza Carvalho-Wodarz, U. Repnik, E. M. Collnot, N. Schneider-

Daum, G. W. Griffiths, C. M. Lehr, Nanotoxicology 2016, 10, 53. 

[35] M. Djabourov, J. Leblond, P. Papon, J. Phys. 1988, 49, 319. 

[36] T. Heck, G. Faccio, M. Richter, L. Thöny-Meyer, Appl. Microbiol. Biotechnol. 2013, 97, 

461. 

[37] C. Canali, C. Mazzoni, L. B. Larsen, A. Heiskanen, Ø. G. Martinsen, A. Wolff, M. Dufva, 

J. Emnéus, Analyst 2015, 140, 6079. 

[38] K. Kuwahara, Z. Yang, G. C. Slack, M. E. Nimni, B. Han, Tissue Eng. Part C Methods 

2010, 16, 609. 

[39] G. Yang, Z. Xiao, X. Ren, H. Long, H. Qian, K. Ma, Y. Guo, PeerJ 2016, 4, e2497. 

[40] M. L. Jepsen, L. H. Nielsen, A. Boisen, K. Almdal, M. Dufva, Biopolymers 2019, 110, 

e23241. 

[41] Z. Wei, S. Kale, R. El Fatimy, R. Rabinovsky, A. M. Krichevsky, Front. Neurosci. 2019, 

13, 1. 

[42] J. H. Sung, M. L. Shuler, Lab Chip 2009, 9, 1385. 

[43] B. M. Maoz, A. Herland, E. A. Fitzgerald, T. Grevesse, C. Vidoudez, A. R. Pacheco, S. 

P. Sheehy, T. E. Park, S. Dauth, R. Mannix, et al., Nat. Biotechnol. 2018, 36, 865. 

[44] H. Y. Tan, S. Trier, U. L. Rahbek, M. Dufva, J. P. Kutter, T. L. Andresen, PLoS One 

2018, 13, e0197101. 

[45] L. G. Griffith, M. A. Swartz, Nat. Rev. Mol. Cell Biol. 2006, 7, 211. 



  

33 

 

[46] M. Pinto, S. R. Leon, M. D. Appay, Biol. Cell 1983, 47, 323. 

[47] G. E. Striker, J. M. Harlan, S. M. Schwartz, Methods Cell Biol. 1980, 21, 135. 

[48] R. L. Nachman, E. A. Jaffe, J. Clin. Invest. 2004, 114, 1037. 

[49] M. T. Donato, L. Tolosa, M. J. Gómez-Lechón, in Protoc. Vitr. Hepatocyte Res., 

Springer, New York, 2015, pp. 77–93. 

[50] F. Leonard, E. M. Collnot, C. M. Lehr, Mol. Pharm. 2010, 7, 2103. 

[51] P. Balimane, S. Chong, Drug Discov. Today 2005, 10, 335. 

[52] P. Artursson, A. L. Ungell, J. E. Löfroth, Pharm. Res. 1993, 10, 1123. 

[53] I. J. Hidalgo, T. J. Raub, R. T. Borchardt, Gastroenterology 1989, 96, 736. 

[54] B. Srinivasan, A. R. Kolli, M. B. Esch, H. E. Abaci, M. L. Shuler, J. J. Hickman, J. Lab. 

Autom. 2015, 20, 107. 

[55] R. Zhang, N. B. Larsen, Lab Chip 2017, 17, 4273. 

[56] H. Lee, W. Park, H. Ryu, N. L. Jeon, Biomicrofluidics 2014, 8, 054102. 

[57] S. C. Ramaiahgari, M. W. Den Braver, B. Herpers, V. Terpstra, J. N. M. Commandeur, 

B. Van De Water, L. S. Price, Arch. Toxicol. 2014, 88, 1083. 

[58] P. C. Georges, J.-J. Hui, Z. Gombos, M. E. McCormick, A. Y. Wang, M. Uemura, R. 

Mick, P. A. Janmey, E. E. Furth, R. G. Wells, AJP Gastrointest. Liver Physiol. 2007, 

293, G1147. 

[59] M. Yin, J. A. Talwalkar, K. J. Glaser, A. Manduca, R. C. Grimm, P. J. Rossman, J. L. 

Fidler, R. L. Ehman, Clin. Gastroenterol. Hepatol. 2007, 5, 1207. 

[60] A. Asthana, W. S. Kisaalita, Drug Discov. Today 2012, 17, 810. 

[61] F. Hirschhaeuser, H. Menne, C. Dittfeld, J. West, W. Mueller-Klieser, L. a. Kunz-

Schughart, J. Biotechnol. 2010, 148, 3. 

[62] E. M. Brunt, A. S. H. Gouw, S. G. Hubscher, D. G. Tiniakos, P. Bedossa, A. D. Burt, F. 



  

34 

 

Callea, A. D. Clouston, H. P. Dienes, Z. D. Goodman, et al., Histopathology 2014, 64, 

907. 

[63] L. Perioli, G. D’Alba, C. Pagano, Eur. J. Pharm. Biopharm. 2012, 80, 621. 

[64] C. Li, T. Liu, X. Cui, A. S. Uss, K. C. Cheng, J. Biomol. Screen. 2007, 12, 1084. 

[65] V. Pade, S. Stavchansky, Pharm. Res. 1997, 14, 1210. 

[66] C. Hilgendorf, H. Spahn-Langguth, C. G. Regårdh, E. Lipka, G. L. Amidon, P. Langguth, 

J. Pharm. Sci. 2000, 89, 63. 

[67] L. H. Nielsen, A. Melero, S. S. Keller, J. Jacobsen, T. Garrigues, T. Rades, A. Müllertz, 

A. Boisen, Int. J. Pharm. 2016, 504, 98. 

[68] B. D. Rege, X. Yu Lawrence, A. S. Hussain, J. E. Polli, J. Pharm. Sci. 2001, 90, 1776. 

[69] A. M. Al-Mohizea, Saudi Pharm. J. 2010, 18, 97. 

[70] V. Abet, F. Filace, J. Recio, J. Alvarez-Builla, C. Burgos, Eur. J. Med. Chem. 2017, 127, 

810. 

[71] A. E. Thomsen, G. M. Friedrichsen, A. H. Sørensen, R. Andersen, C. U. Nielsen, B. 

Brodin, M. Begtrup, S. Frokjaer, B. Steffansen, J. Control. Release 2003, 86, 279. 

[72] T. Imai, M. Imoto, H. Sakamoto, M. Hashimoto, Drug Metab. Dispos. 2005, 33, 1185. 

[73] S. Tavelin, J. Gråsjö, J. Taipalensuu, G. Ocklind, P. Artursson, in Epithel. Cell Cult. 

Protoc., Humana Press, Totowa, NJ, 2002, pp. 233–272. 

[74] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. 

Preibisch, C. Rueden, S. Saalfeld, B. Schmid, et al., Nat. Methods 2012, 9, 676. 

[75] L. H. Nielsen, S. Gordon, R. Holm, A. Selen, T. Rades, A. Müllertz, Eur. J. Pharm. 

Biopharm. 2013, 85, 942. 

[76] G. E. Granero, G. L. Amidon, Int. J. Pharm. 2006, 317, 14. 

  



((Supporting Information can be included here using this template)) 

Supporting Information  

3D-Printed Stackable Titer Plate Inserts Supporting Three Interconnected Tissue 

Models for Drug Screening   

Morten Leth Jepsen, Andreas Willumsen, Chiara Mazzoni , Anja Boisen, Line Hagner 

Nielsen and Martin Dufva  

MSc M. L. J., BSc A. W., Dr. C. M., Prof. A. B., Dr. L. H. N., Dr. M. D., 

The Danish National Research Foundation and Villum Foundation’s Center for Intelligent 

Drug Delivery and Sensing Using Microcontainers and Nanomechanics (IDUN), 

Department of Health Technology, Technical University of Denmark, Ørsteds Plads 345C, 

2800 Kgs. Lyngby, Denmark. 

 

35 



  

36 

 

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 µm. 
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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.  Ø: 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: Images obtained by confocal microscopy representing growth of hepatic HepG2 

spheroids over 6, 13, 20 and 27 days. Scalebars: 50 µm 
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Abstract
Cell or tissue stretching and strain are present in any in vivo environment, but is difficult to

reproduce in vitro. Here, we describe a simple method for casting a thin (about 500 μm) and soft

(about 0.3 kPa) hydrogel of gelatin and a method for characterizing the mechanical properties of

the hydrogel simply by changing pressure with a water column. The gelatin is crosslinked with

mTransglutaminase and the area of the resulting hydrogel can be increased up 13-fold by

increasing the radial water pressure. This is far beyond physiological stretches observed in vivo.

Actuating the hydrogel with a radial force achieves both information about stiffness, stretchabil-

ity, and contractability, which are relevant properties for tissue engineering purposes. Cells

could be stretched and contracted using the gelatin membrane. Gelatin is a commonly used

polymer for hydrogels in tissue engineering, and the discovered reversible stretching is particu-

larly interesting for organ modeling applications.

KEYWORDS

biomimetics, gelatin, hydrogels, rheology

1 | INTRODUCTION

Hydrogels are polymeric solids swelled in substantial amounts of

water, either of synthetic or natural origin.[1] Hydrogels can be cross-

linked in numerous ways, including enzymatic protein crosslinking,[2]

ionic gelation,[3] self-assembly,[4] and chemical crosslinking.[5]

In this work, we have utilized an enzymatically crosslinked gela-

tin hydrogel. Gelatin is derived from collagen, which is a major com-

ponent of various connective tissues. Gelatin is denatured collagen

fragments with a broad molecular weight distribution.[6] Gelatin will

structurally transit from a helix structure to a coil at a temperature

around 36�C, thereby phase transition from solid to liquid will

occur.[6,7] Cell cultures are normally grown at 37�C, and therefore

the gelatin needs to be crosslink to be utilized as a hydrogel in a cell

culture. The coil formations can be crosslinked by mTransglutami-

nase (mTG) resulting in a gelatin hydrogel that retain the coil struc-

ture of the gelatin at 37�C. mTG crosslinked gelatin hydrogels are

less tightly packed than a hydrogel resulting from cooling of

dissolved gelatin forming a helix structured hydrogel.[8] However,

gelatin is just one out of many polymers which hydrogels can be

made of. Depending on the type of polymer, the fabrication method,

and the crosslinking method, hydrogels' physical and/or chemical

properties can be tuned to suit various fields such as biomedicine,

soft electronics, sensors, and actuators.[9–11]

Hydrogels have a potential use in the field of tissue engineer-

ing. Since the microenvironment of in vivo tissues is mechanically

flexible, cells are exposed to mechanical forces of various durations,

frequencies, and amplitudes.[12] This work mainly focuses on

mechanical flexibility in terms of a stretchable and contractible

matrix. We use the term “dynamic surface” for this phenomenon,

which resemble hollow organs for example, the motions of alveoli

in lungs. The mechanical properties of hydrogels are tunable for

example, the Young's modulus (E) and can vary greatly. Hydrogels

have been reported from very soft with E = 1.5 kPa[13] to very stiff

with E > 600 kPa.[14] By tuning the stiffness of hydrogel it is possi-

ble to tune them for the specific tissue of interest.
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Previous publications have presented various approaches to

achieve hydrogels with 2-dimensional (2D) dynamic surface behav-

iors. One approach is to expose cells to equibiaxial stretch by func-

tionalizing hydrogels on top of a stretchable material such as

polydimethylsiloxane (PDMS)[15] or stretching coated parafilm or

PDMS.[16–19] However, permeable hydrogels supported by neither

synthetic materials nor impermeable materials have closer resem-

blance with connective tissue more. Unsupported dynamic cell-laden

hydrogels have been achieved by adding cells in a collagen hydrogel

into a 3-dimensional (3D) printed mesh of a stretchable poly(ethylene

glycol)-alginate-nanoclay hydrogel.[20] Other approaches include inte-

gration of magnets that could be used for stretching the hydrogel[21,22]

or by seeding cells on top of a hydrogel for uniaxial stretch by moving

the ends of the hydrogel apart.[23] However, all these approaches solely

achieve a 2D stretch whereas we aim for achieving a 3D expandable

hydrogel balloon.

Mechanical characterization of hydrogels is not straight forward

due to their low Young's modulus making them difficult to clamp and

most mechanical characterization equipment is optimized for mea-

surements in the range of MPa and GPa[24]. Furthermore, hydrogels in

the swollen state have rubbery mechanical behavior, and the Young's

modulus of hydrogels is dependent on the degree of swelling.[25,26]

Thus, hydrogels should be fully immersed (completely covered by a

relevant medium) during characterization. Characterizations per-

formed in air rather than liquid typically reduces the swelling due to

evaporation. One approach to ensure the conditions of the hydrogel

is by letting it swell before measuring, [27]but it can dry during mea-

surements for example, in a rheometer.

One method of mechanical characterization methods preformed

with immersed and fully swelled hydrogels is indentation, where a

probe is pressed into and retracted from the material.[24] However,

using indentation does not give information about stretchability nor

contractability of the hydrogel. A method of stretching fully

immersed hydrogels using a stainless steel ball has previously been

published.[26] By measuring the central displacement caused by the

stainless steel ball to the hydrogel membrane Young's modulus could

be determined. However, by this approach, the force is centered to

the middle of a hydrogel. Here, we present a method of stretching

gelatin hydrogels fully submerged where the pressure comes from a

liquid rather than a solid object causing a close to spherical inflation

of the hydrogel. The stiffness, stretch, contraction, and durability

were characterized. Furthermore, an epithelial and an endothelial cell

line was stretched using the presented method.

2 | MATERIALS AND METHODS

2.1 | 3D printing of gelatin hydrogel membrane
holder

3D designs were drawn using Fusion 360 (version 1.28.2, Autodesk,

San Rafael, California) and print files were exported as STL format and

processed in PreForm (version 2.12.0, Formlabs, Somerville, Massa-

chusetts). The 3D printed holder was designed with a small ring at the

opening tube for the membrane to attach when casted (Supporting

Information Figures S1 and S2). All prints was done using a a Formlabs

Form 2 3D printer (Formlabs).

Prints for demonstration of the stretch principle were printed in

Clear resin (Clear V2 FLGPCL02, Formlabs) with a layer thickness of

0.1 mm followed by cleaning in isopropanol 2 times for 10 minutes

and ultraviolet (UV) crosslinked for 60 minutes at room temperature.

Prints for cell cultures were printed in Dental SG resin (Dental SG

DGOR01, Formlabs) with a layer thickness of 0.05 mm, and were sub-

sequently cleaned as described above. Support structures were cutoff,

and the structures were UV crosslinked for 60 minutes at 60�C and

autoclaved at 121�C.

2.2 | Casting of expandable hydrogel membrane

For casting expandable hydrogel membranes, 3D prints with a 10 mm

diameter opening were dipped in a solution, if not stated otherwise,

consisting of mTG (5 U/ml; Ajinomoto Activa T1, Hamburg, Germany)

and gelatin (5% [w/v]) (Fluka, 48 723) in phosphate buffered saline

(PBS) (D8537, Sigma, St. Louis, Missouri) and incubated for

30 minutes for cell cultures, and 120 minutes for expansion experi-

ments, both at 37�C (Supporting Information Figure S2). Incidentally,

it has been shown that gelatin film display highest elongation when

crosslinked at 35�C.[28] Stock solution of mTG was made by dissolving

mTG in PBS in final concentration of 15 U/ml. Stock solution of gela-

tin was made by dissolving gelatin in PBS to a final concentration of

7.5% (w/v). For sterilisation purposes, chloroform was added to the

gelatin solution with final concentration of 0.5% [v/v] of the stock

solution. Whereas mTG was sterile filtered using a 0.45 μm filter prior

to use. The solutions were subsequently mixed in ratios giving 5%

gelatin (w/v) and mTG 5 mTG U/ml in final concentrations. The proce-

dure was the same for 2.5% (w/v) and 7.5% (w/v) gelatin membrane,

but with either a 3.75% (w/v) or 11.25% (w/v) stock solution of gela-

tin, respectively.

For calculation of the membrane thickness, 4-membrane samples

were weighed and found to be 45.18 � 3.32 mg (n = 4, mean � SD).

The thickness was calculated from the weight, the radius of the gel

(5 mm), and specific gravity of 5% gelatin (1.012)[29]:

h¼ V
πr2

ð1Þ

where, h is the thickness, V is the volume, and r is the radius.

2.3 | Rheological measurements

Measurements were performed using a Discovery Hybrid Rheometer

2 (TA instruments, New Castle, Delaware) with a 40 mm parallel plate

and a steel Peltier plate. A mixture of gelatin/mTG (500 μl) was added

to the Peltier plate set at 37�C. When the parallel plate was at the

geometry gap of 250 μm, mineral oil (M5310, Sigma) was added

around the plate to avoid evaporation. For investigation of gelation

time, a strain of 1.5% was used with a frequency of 5 Hz. For mea-

surements of oscillation frequency dependence, a logarithmic sweep

was done with a strain of 1.5% with frequencies increasing from 0.02

to 15.92 Hz. For measurements of strain breaking point, a logarithmic

sweep was performed with a frequency of 5 Hz while increasing the

strain from 0.1% to 3000%.
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Shear modulus was calculated by:

G2 ¼G02 +G
00 2 ð2Þ

where, G is the shear modulus, G’ is the storage modulus, and G” is the

loss modulus. Since G” is close to 0 G≈G’≈360 Pa. A Poisson's ratio of

0.5 was assumed, as the hydrogel is regarded as an incompressible

material. Therefore, the Young's modulus is calculated by:

E¼2G 1+ μð Þ ð3Þ

where, E is Young's modulus, G is the shear modulus, and μ is Passion's

ratio giving a Young's modulus of ~1080 Pa.

2.4 | Stretch of fully immersed hydrogels

The hydrogel membranes were placed in a beaker of PBS in a 37�C

heating oven and more PBS (colored with food dye) was added in

steps of 200 μl. Pictures were taken using a Samsung WB32F com-

pact camera. The pictures were subsequently fitted to a circle using a

Plugin for Fiji[30] (Contact_Angle.jar, version December 7, 2006,

Marco Brugnara) from which the radius and length of the base of the

circle segment was obtained and normalized to a ruler in the beaker

(Supporting Information Figure S5).

From this, the chord length, a, of a circular segment and radius, R,

of the circle were obtained. From this the central angle, θ, was calcu-

lated by[31]:

θ¼2sin−1 a
2R

� �
ð4Þ

From which the arc length, s, could be calculated by[31]:

s¼Rθ ð5Þ

However, when the circle segment of interest is the majority of

the circle the arc length was calculated by:

s¼2πR−Rθ ð6Þ

The Equations (5) and (6) gives the arc length of the small circle

segment, which is the stretched length (s). The stretch ratio (A) is

defined as the ratio of s to the original diameter of the gel:

A¼ s
Original diameter

ð7Þ

The stretch ratio and the force acting, calculated from the centi-

meter of water of the water column, on the membrane were fitted

into the following equation for equibiaxial stretching[32]:

f ¼ μr Aαr −1−A− 1+2αrð Þ
h i

ð8Þ

Where f is the force per unit undeformed area, A is the stretch

ratio, and μr and αr are constants. The fitting was done in RStudio

(Version 1.0.136, RStudio, Inc., Boston, Massachusetts) using a non-

linear least squares fit.

From the fitted μr and αr, the shear modulus was calculated by[32]:

G¼ μrαr
2

ð9Þ

where, G is the shear modulus. G was inserted in Equation (3) to

obtain the Young's modulus.

The surface area of the spherical cap, was calculated by[33]:

Scap ¼2πRH ð10Þ

where, Scap is the surface area, R is the radius, and H is the height of

the circle segment, which is calculated by[33]:

H¼R�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−b2

p
ð11Þ

where, H is the height of the circle segment, R is the radius of the

circle, and b is the radius of the base of the circle segment. When

the circle segment of interest was the majority of the circle,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−b2

p

is added to R, when the circle segment is the minority
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−b2

p
is

subtracted.

When having the surface area from Equation (10) was used to cal-

culated the stretch area ratio with the following equation:

Stretch area ratio¼ Scap
Original area

ð12Þ

2.5 | Fatigue test and breaking strength of hydrogel
membranes

Hydrogels prepared as described were tested for fatigue by adding

4 ml of PBS and removing and re-adding 1 ml of the solution

100 times. A picture was taken after every 10 pipetting steps.

The breaking strength was defined as the last point at which the

membrane was intact and addition of 200 μl buffer more resulted in

rupture of the membrane.

2.6 | Cell growth on stretchable hydrogel
membranes

Caco-2 cells (ATCC HTB-37, LGC Standards GmbH, Wesel, Germany)

p27-32 were grown in T-75 cell culture flaks (Starstedt, Nümbrecht,

Germany) along with 13 ml of Dulbecco's Modified Eagle's medium

(DMEM) – high glucose (Sigma-Aldrich Denmark A/S Broendby, Den-

mark) with heat inactivated fetal bovine serum (FBS; 20% [v/v]; Bio-

west SAS, Nuaillé, France), non-essential amino acids (1% [v/v]; Gibco,

Fisher Scientific, Slangerup, Denmark), and penicillin–streptomycin

(P/S; 100 U/ml penicillin and 100 μg/ml streptomycin; Sigma-Aldrich

Denmark A/S Broendby, Denmark).

EA.hy926 cells (ATCC CRL-2922, LGC Standards GmbH, Wesel,

Germany) p20-25 were grown in T-75 cell culture flaks (Starstedt,

Nümbrecht, Germany) along with 13 ml of DMEM – high glucose

(Sigma-Aldrich Denmark A/S Broendby) with heat inactivated FBS

(20% [v/v]; Biowest SAS), and P/S (100 U/ml penicillin and 100 μg/ml

streptomycin; Sigma-Aldrich Denmark A/S Broendby).

The cell culture medium was changed every other day and upon

80%-90% confluency, the cells were split. The cells were washed with

PBS followed by incubation with trypsin-ethylenediaminetetraacetic

acid (EDTA) solution (0.5 g/L porcine trypsin and 0.2 g/L EDTA-4Na)

(Sigma-Aldrich Denmark A/S Broendby). 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). The rest of the suspension was collected

and spun for 5 minutes (800 rpm), followed by washing the cells in

PBS and spun again for 5 minutes (800 rpm). The cells were seeded

(50 000 cells in 500 μl) on top of a casted stretchable hydrogel
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membranes with 1 ml cell medium below. The cells were allowed to

adhere to the membrane overnight at 37�C and 5% CO2 before

stretching by removal of basolateral medium.

2.7 | Microscopy on stretch hydrogels

Microscopy images were captured using a Zeiss Axio Observer Z1

inverted microscope (Carl Zeiss MicroImaging GmbH, 37 081 Gottin-

gen, Germany), using an EC Plan-Neofluar 5×/0.16 Ph1 M27 or a LD

Plan-Neofluar 40×/0.6 Korr M27 objective (Carl Zeiss MicroImaging

GmbH). Initially 1000 μl medium was below the hydrogel membrane.

For stretching and contraction 600 μl was removed and re-added.

2.8 | Scanning electron microscopy on dried stretch
hydrogel membranes

Gelatin membranes in a 3D printed holder (Supporting Information

Figure S1b) were inflated by air and dried for 66 hours before being

mounted for scanning electron microscopy micrographs (SEM). The

samples were scanned using a Hitachi TM3030 tabletop microscope

(Hitachi High-Technologies Europe GmbH, Krefeld, Germany) in low

vacuum mode at 15 kV operating voltage.

2.9 | Statistics

The data are presented as number of repetitions (n), mean � SD.

Calculations were done using RStudio (Version 1.0.136, RStudio,

Inc.) and Microsoft Excel (Version 15.41, Microsoft Office, Seattle,

Washington).

3 | RESULTS AND DISCUSSION

3.1 | Fully immersed Young's modulus
characterization of the gelatin hydrogel membrane

The presented method allows for characterization of a stretched

hydrogels while being fully immersed in a relevant medium, which to

the authors' knowledge has not been previously presented. In the pre-

sented setup a thin gelatin membrane was casted in a 3D printed

holder (Supporting Information Figure S1 and S2). The gelatin mem-

brane attaches to the 3D printed holder during the casting and cross-

linking reaction. Initial test showed that the gelatin membrane was

firmly attached to the edges and did not easily detach when exposed

to water pressure. In fact, overpressure resulted in rupture of the gela-

tin membrane with the remaining gelatin parts sticking to the rim of

the 3D printed holder. We conclude that the gelatin membrane forms

a very robust bond with the 3D printed holder.

The thin gelatin membrane was inflated as a balloon by increasing

the pressure on it with a water column (Figure 1A). The hydrogel

membrane could be stretched as a water column above the membrane

exposed it to an increased pressure (Figure 1A). As the pressure

increased an approximately spheroidal shaped inflated membrane was

created which could be fitted as a circle (Supporting Information

Figure S5). From this, the stretch of the membrane was determined as

a stretch ratio from Equation (7), as described in Materials and

Methods. Data points were plotted as pressure versus stretch ratio

(Figure 1B). We fit both our small and large deformation data with

Equation (8)[32] describing inflation in terms of stretch as a result of

increased pressure on a circular balloon-like membranes into a sphe-

roidal shape. For this the hydrogels are assumed as isotropic elastic

solids, hence their strain only depends on stretch on the principal axis

(X, Y, and Z) relative to the “ground state”. We use the term elasticity

as a description of the ability of a material to return to its original

shape after deformation, which in principle can be of any magnitude.

Equation (8) is derived[32] assuming an incompressible material,

thus, taking the thinning of the film at large deformation into account.

From this fit the shear modulus can be extracted from Equation (9).

The result of fitting is in principle the shear modulus, G, which is valid

at all deformations. We have chosen to convert our numbers into

Young's moduli to facilitate comparison with literature data although

from the point of view of our measurements this conversion is not

needed since we exclusively deal with shear moduli. The Young's

modulus was calculated by inserting the obtained shear modulus in

Equation (3), thereby characterizing the stiffness of a hydrogel while it

was fully immersed.

When stretching a 5% gelatin hydrogel crosslinked for 2 hours

with mTG, there was a lag phase at low pressure (<150 Pa) where the

membrane was stretched only slightly. Above about 200 Pa, the pres-

sure affected the stretching in linear fashion (Figure 2A). This inflation

profile resembles inflation of a balloon where the polymer at a certain

pressure allows inflation and further stretch requiring a smaller

increase in pressure relative to the proportionally larger pressure

increase required during the initial stetching phase.

A 5% gel could be stretched up to 4-fold in the length direction

(increase of the perimeter of the gel). Eventually, the membrane would

burst and the breaking strength was calculated to be 0.49 � 0.09 kPa

(n = 9, mean � SD). A 7.5% gelatin hydrogel could be stretched but

did not break even when filling up the test setup completely with

water, hence the breaking strength is >0.89 kPa. (Figure 2A). A 2.5%

membrane could be extended but no measurements were possible as

no water column was formed due to the softness of this membrane

(Supporting Information Figure S3f ). Instead, the gel expanded until it

bursted.

The Young's modulus for 5% gelatin hydrogel membranes was

0.35 � 0.08 kPa (n = 9, mean � SD), calculated as described above,

whereas for 7.5% membranes, the Young's modulus was 0.75 � 0.31

kPa (n = 5, mean � SD; Figure 2B). A storage modulus of ~0.26 kPa,

corresponding to a Young's modulus of ~0.78 kPa, was measured for

the 5% gelatin hydrogel in a Discovery Hybrid Rheometer 2 (measured

2 hours after it had been crosslinked at 37�C inside the rheometer;

Supporting Information Figure S6a). However, after about 8 hours the

storage modulus settled on ~0.36 kPa (Supporting Information

Figure S6a) corresponding to a Young's modulus of ~1.08 kPa. In sum-

mary, the stretch measurement gave a Young's modulus of 0.35 kPa,

whereas measurements with a rheometer gave a higher Young's mod-

ulus of 0.78 kPa.

Previously, measurements of samples of 5% gelatin and compara-

ble amounts of mTG as used here, have shown Young's modulus in

the range of ~6 kPa measured on a Solid Analyzer at 37�C without

having the sample immersed.[34] Others have shown Young's modulus
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of 12.4 kPa of 5% gelatin hydrogels where the measurements were per-

formed at room temperature.[35] The lower modulus measured in the

stretch setup (Figure 2) compared to the rheometer and Solid Analyzer is

believed to be caused by swelling of hydrogels in the immersed state.

Stretching by pressure from a liquid or a gas rather than a

stainless-steel ball allows for functionalization of the hydrogel surface

without disturbing the functionalization when inflating and/or stretch-

ing the surface. The inflation of the hydrogels in the presented setup

does not result in a perfect sphere due to attachment at the rim. This

causes inhomogeneous deformation with equibiaxial stretching at the

pole and planar elongation at the rim.[36] The characteristics of the

inflation resemble the inflation of a balloon, where in the presented

setup the lumen of the hydrogel balloon acts as a dynamic surface.

3.2 | Characteristics of the gelatin hydrogel
membrane

The hydrogel membrane was measured to be 0.58 � 0.04 mm (n = 4

mean � SD) thick (Figure 3A). The thickness of the presented hydro-

gel membrane is comparable to the previously published stretchable

hydrogels which range from 0.13 mm[22] to 3 mm.[37] The hydrogel

could be reversibly expanded and contracted (Figure 3B) which is

important if for example, the lung is to be modelled. The gel typically

was destroyed during handling where a pipette easily ruptures

it. Stretch ratios of above 20 times have been published[37] for

1-dimensional (1D) stretches. By contrast, we observed stretch ratio

of about 4 for a 5%, however, the area was stretchable up to 13-folds

(Supporting Information Figure S6b). It is however unclear if 2D

stretching compares to 3D stretching. A 2 to 4-fold stretching in the

length scale and 13-fold stretching in the area is more than sufficient

for modulating tissues (see below). Furthermore, the stretching was

shown to be reversible with gelatin membranes being able to be

stretched and contracted at least 100 times. These tests were done

by pipetting water up and down forcing the gelatin membrane to

oscillate between 2.8 and 3.2 stretch ratio (data not shown).

It was found that the hydrogel was inflatable when adding PBS

(Figure 3B) and 70% (v/v) ethanol (Figure 3C), and when applying an

air pressure (Figure 3C) indicating that the composition of the medium

is not important for the expansion. Expansion of air as well as other

liquids is essential for modelling various tissues like joints, skin, lungs,

heart, intestine, and so forth.

Food dye could diffuse through the hydrogel gel over time. After

16 hours, the dye has diffused completely into the receiving volume

of the beaker. Interestingly, after an overnight incubation, the water

column of the buffer solution decreased to a level where the mem-

brane was only slightly inflated (Figure 3D). This indicates that water

has diffused through the gel into the receiving beaker. It is likely that

this is due to the higher water pressure on the upper side of the gel

due to the applied water column.

Other shapes and sizes of the gelatin hydrogel membranes were

also feasible for example, a larger membrane with a diameter of

18 mm and a 16 × 16 mm square could easily be formed (Supporting

Information Figure S3). Moreover, the membrane inflated with air

FIGURE 1 Schematic of the experimental setup. A, Gelatin hydrogel membrane (gray) in a 3D printed holder (black) was inflated as the pressure

increases from a watercolumn (light gray). B, Corresponding plot of pressure vs stretch ratio. By fitting the data to Equation (8) the Young's
modulus can be extracted

FIGURE 2 Immersed stretch of gelatin hydrogel membrane. A, Pressure as a function of stretch ratio for experiments with individual fits to

Equation (8). B, The corresponding Young's modulus extracted from the immersed stretch experiments
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could be dried in its inflated shape (Supporting Information Figure S4a-c),

and once dried, SEM revealed a smooth surface of the gelatin hydrogel

membrane (Supporting Information Figure S4d,e).

Prior published stretchable hydrogels rely on complicated casting

procedures such as purification of proteins,[27,38] 3D printing,[20] inte-

gration of magnets,[21,22] nanopatterned hydrogels,[23] nanocomposi-

tion of clay nanosheets,[13,14] or a mixture of natural and synthetic

polymers.[37] Whereas, the presented method only requires mixing

gelatin and mTG. This reduces time and cost and diminishes the tech-

nical difficulties in when casting stretchable hydrogel. Furthermore,

mTG is non-toxic, biocompatible, and is the most studied enzyme in

protein-based crosslinked hydrogels in tissue engineering.[35] The

mechanical behavior of gelatin crosslinking with mTG is dependent on

the temperature at which the crosslinking is performed.

3.3 | Stretch of cell culture on a gelatin hydrogel
membrane

The gelatin membranes was subsequently used to study stretching of

non-confluent cell layers. Non-confluent cell layer was used to easily

see if cells where stretched and move relative to each other. Caco-2

(an epithelial colorectal adenocarcinoma cell line), a cell line commonly

used for intestine modelling,[39] cells were seeded on the membranes

in a 3D printed holder placed in a well plate (Supporting Information

Figure S2). Once the Caco-2 cells had attached to the membrane, they

were stretched by changing the water pressure on the outside of the

3D printed membrane holder (Figure 4A). In the initial state, the cell

islands were close to each other (Figure 4B), and by removal of

medium from the basolateral side on the 3D printed holder, the cell

islands were stretched apart (Figure 4C). The cell islands got closer

together again by re-addition of the basolateral medium as the mem-

brane re-contracted (Figure 4D). Observing cell islands being

stretched apart would not be possible when stretching a hydrogel in a

rheometer with a microscope extension, since the cells are on top of

the hydrogel and the rheometer pushes a cylinder onto the sample.

The CRL-2922 human umbilical vein endothelial cell line was used

to show morphological changes to cells when exposed to stretching

of the gelatin membrane. CRL-2922 cells were allowed to attach to

the gelatin membrane and the cells display typical endothelial cell

morphology (Figure 4E) before stretching. Stretching the gelatin mem-

brane resulted in stretching of the adhered endothelial cells

(Figure 4F). This resulted in cells that got further elongated (one exam-

ple is indicated by the black circle) or had one end detached from the

surface (white circle). Cells that did not adhere well to the gelatin from

start did not show stretching. CRL-2922 cells that kept adhering to

the gelatin membrane could be re-contracted when contracting the

gelatin membrane (Figure 4G, black marked cell). Also, cells that got

partly released (white circle) showed contraction when the gelatin

membrane was contracted. Hence, the gelatin membrane can be uti-

lized to investigate individual cell reactions to stretching.

The mechanically stimulated deformation of the membrane is

reversible; thus the membrane setup is suitable for mimicry of dynamic

physiological movements. Moreover, the membrane mimics the extra-

cellular matrix, since gelatin resembles collagen and connective tissue

found in the body.[11,40] In addition, epithelial bending is essential for

lumen morphogenesis,[41] hence the presented method could be appli-

cable for tissue engineering of hollow organs. One lumen morphogenic

pathway is apical constriction by which the epithelial cells undergo api-

cal shrinkage while keeping their volume constant. The apical constric-

tion must be followed by an increase of the height of the cells and/or

basal expansion.[41,42] By stretching the cells on the presented gelatin

hydrogel, it would be possible to cause both apical constriction and

basal expansion. One such organ is the lung where it has been shown

that apical constriction initiate new branching of lung tissue in chicken

embryos.[43] The lung tissue is exposed to cyclic stretch and contraction

with a rate of ~12 cycles/min in humans, as a result of breathing.[44]

For rat lungs, a 40% increase in the surface area of the alveolar epithe-

lial basement membrane was found at 100% total lung capacity.[45] The

presented gelatin hydrogel is suitable as an alveolar epithelial basement

membrane substrate, since it can easily be stretched 40% (Figure 2A)

FIGURE 3 Characteristics of the stretchable gelatin hydrogel. A, Gelatin hydrogel membrane. B, Reversible expansion by addition and removal of

1 ml phosphate buffered saline (PBS) on top of the gelatin membrane in a beaker with PBS. C, Gelatin hydrogel membrane expanded with 1 ml
70% ethanol on top in a beaker with 70% ethanol and membrane expanded by addition of air pressure from a syringe. D, Difussion of blue food
dye from 1 ml PBS food dye mixture thourgh the gelatin hydrogel into a beaker with PBS after 30 minutes and after 16 hours
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and subsequently contracted with cells attached (Figure 4D). However,

the increase of 40% surface area was achieved by increasing the pressure

transpulmonary pressure from 2 cmH2O (~0.2 kPa) to 25 cmH2O

(~2.5 kPa),[45] comparing this to the pressure required to stretch the gela-

tin hydrogel (Figure 2A) the gelatin hydrogel is much softer. On the other

hand, the alveolar epithelial basement membrane is supported by a layer

of epithelial cells, endothelial cells, and elastic fibers making the alveoli

strong.[46,47] Therefore, the in vivo tissue has more support than then

presented gelatin hydrogel. The gelatin hydrogel can be tuned in strength

by increasing the percentage of gelatin as was shown with 7.5% gelatin

(Figure 2). Normally, a barrier consists of a confluent cell layer. However,

in the current setup it was not possible to change medium without dis-

turbing the cells or rupturing the membrane. Thus, it is not possible to

grow the cells for longer periods. Future studies will involve medium

changes using pumps that gently can control expansion and contraction

during medium changes to minimize stretching cell layer more than what

is physiologically relevant.

4 | CONCLUSION

We present a method of measuring Young's modulus on soft hydro-

gels fully immersed in buffer only by changing the pressure of a water

column on top of the hydrogel. The Young's modulus measurements

from the presented method were lower than that of benchmark tech-

niques most likely caused by the hydrogel being fully immersed during

measurements. We present a soft gelatin hydrogel with a Young's

modulus around 0.35 kPa. The gelatin hydrogel composed of a natural

polymer that is biocompatible and an extracellular matrix was utilized

as a matrix for cells and stretching and contraction of the cells were

done. The surface area of the gelatin hydrogel can be stretched by a

factor of 13, which is beyond what is physiologically relevant. More-

over, the surface of the gelatin hydrogel can be functionalized with

mammalian cell line cells for tissue engineering purposes.
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FIGURE 4 Streching of Caco-2 and CRL-2922 on gelatin hydrogel membrane. A, By removing medium from the outside of the inset with the

membrane the membrane is stretch and by re-adding medium the membrane recontracts. B, Caco-2 cells on gelatin hydrogel membrane after
1 day incubation. Scale bar: 200 μm. C, Caco-2 cells on gelatin hydrogel membrane stretched by removing 600 μl medium basolaterally. Scale bar:
200 μm. D, Caco-2 cells on gelatin hydrogel membrane re-contracted by addition of 600 μl medium basolaterally. Scale bar: 200 μm. E, CRL-2922
cells on gelatin hydrogel membrane after 1 day incubation. Scale bar: 20 μm. F, CRL-2922 cells on gelatin hydrogel membrane stretched by

removing 600 μl medium basolaterally. Scale bar: 20 μm. G, CRL-2922 cells on gelatin hydrogel membrane re-contracted by addition of 600 μl
medium basolaterally. Scale bar: 20 μm
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