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ORGANS IN A PETRI DISH: TISSUE ENGINEERING 

The field of tissue engineering, or regenerative medicine, 
is a branch of medical research that originated from bio-

material development. It combines the principles of biology, 
engineering, and medicine to generate biological substitutes 
for tissues.1 The overarching goal of tissue engineering is to 
build functional, biological constructs, such as organs, in the 
laboratory by using cells as the foundation. In the long run, 
these engineered constructs can then be used either as surro-
gates for damaged or impaired organs, or as models for drug 
testing and disease etiology research.2 

Besides the fact that it is by no means an easy and straight-
forward process to build an organ from scratch, tissue engi-
neering is quite modular. There are four crucial components 
of a tissue engineering experimental setup: cells, an extracel-
lular matrix, a bioreactor, and growth factors.

TISSUE INGREDIENTS

The most essential ingredient in tissue engineering is the 
sample of cells that  will eventually make up the desired 

tissue construct.1 Specialized cells perform different tasks, and 
organs act as superordinate entities that harbor these varying 
cell types. For instance, the liver is comprised of a variety of 
liver cells (i.e. hepatocytes), and the skin is comprised of spe-
cialized skin cells (i.e. keratinocytes). This implies that these 
specialized cells are primarily found within their respective 
organs, which underscores the importance of cell selection 
for specialized tissue generation.

The discovery of stem cells has given momentum to this 
field of tissue engineering, since stem cells can be made to 
have any cell specification in the body.3 While obtaining stem 
cells from living humans remains complicated, the usage of 
embryonic stem cells continues to be a major ethical issue. 
The possibility of harvesting a line of stem cells that could 
create any human tissue would be a revolutionary step to suc-
cessful tissue engineering to aid in the future of medicine. 

When the correct cells are found, the next ingredient of a 
tissue is the extracellular matrix (ECM). The ECM includes 
all parts of a tissue that are not living cells.1 It is the environ-
ment in which cells grow and is made either of biological or 
synthetic origin to become scaffold structures of cells.1 Thus, 
the ECM provides mechanical integrity by holding the cells 
in their spatial positions to facilitate cell-to-cell communica-
tion.4 Scaffolds produced from ECM components provide a 
suitable environment for cells to grow and are integral for a 
fully functional tissue constructs.5 The ECM effectively acts as 
a glue that keeps cells bound to one another.  
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IT HAD BEEN A ROUGH WEEK FOR JOHN.                             
His entire body had been sore for the past couple of days, 
he had a constant migraine, and he had been unusually 

weary and sluggish. He thought that he must be sick, and that  
there must be a way to restore his health. After taking some 
samples, John’s doctor immediately called him: “It’s urgent, 
please come in as soon as possible.” It was the worst of John’s 
nightmares. A fast-growing, malignant tumor had taken over 
the bulk of his liver, and the doctor told him it was terminal. 
John had already exceeded the last stage for intervention, and 
his current condition was beyond the scope of the available 
drug treatments.

While this would be a devastating diagnosis in the pres-
ent day, future advances in research may provide physicians 
with powerful tools to treat even full organ failure, and John’s 
story may take a new direction. One minimally-invasive 
operation later, cells from the healthy part of John’s liver are 
on their way to the organ factory. These cells are screened for 
mutations, purified, and then used to print a new liver, grown 
in a bioreactor. Two weeks later, John waits in an operation 
room for his failing liver to be replaced. Cancer-free, John is 
able to resume his typical routines and is relieved from all of 
his symptoms.

In this scenario, John received a patient-specific treat-
ment by using a donor organ that was individually tailored 
for him, derived from his very own cells. A seemingly incon-
ceivable feat, individualized organ creation may, in fact, be 
feasible thanks to two related, blooming fields of medical 
research: tissue engineering and bioprinting.

DREAMS OF THE FUTURE?

Nowadays, patients in John’s situation experience the 
impact of modern medicine’s Achilles’ heel; Patients 

with malfunctioning or failing organs are facing a scarcity of 
donor organs, which leaves them treatable only symptomati-
cally, with drugs that do not eradicate the underlying causes 
of the disease. As a result, in the present day, John’s outlook 
would not be as bright as in the story above. Yet scientists 
all over the world are currently working on promising proj-
ects in the recently emerging fields of tissue engineering 
and bioprinting. These two disciplines have the potential to 
overcome the organ shortage by creating tissues and organ 
constructs, from scratch and in vitro; thereby, it is possible 
to potentially avoid implanting a donor organ that requires 
lifelong immunosuppressant medications. The latest devel-
opments in these fields are already promising, as both tech-
nologies may be able to fundamentally change the medical 
treatments of tomorrow.
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The cells, supported and surrounded by the ECM, sub-
sequently need to mature. In order to support cell growth,  
physiological conditions should be mimicked as accurately 
as possible. For humans in particular, cells need the environ-
ment to foster cell growth with additional cues.1 Bioreactors 
can provide these cues by creating a setup that simulates a 
physiological environment with regulating conditions, such 
as body temperature and cell nutrition solutions, or mechan-
ical cues, such as pressure generated by a constant flow of   
fluid over cells.2

The final important ingredients, growth factors, directly 
act on cells to stimulate growth and further facilitate matura-
tion inside a bioreactor.2

RECENT DEVELOPMENTS IN TISSUE 
ENGINEERING

Although this branch of 
research is still considered 

to be in its fledgling state, as the 
term “tissue engineering” was 
coined less than 30 years ago, 
a few of its applications have 
begun to propel the field.6 There 
have been clinical trial applica-
tions of engineered cartilage, 
blood vessels, and supplementary 
bladders for transplantation.7, 8, 9 
Even an entire trachea, the air-
way structure that connects the 
back of the oral cavity to the lungs, has already been created 
and implanted with great success.10 The skin graft has already 
become a patented product that is used in the clinic.11 Organ-
ogenesis Inc., in Canton, Massachusetts, has developed Apli-
graf®, a human skin equivalent that is industrially produced 
in an assembly line process.12 Functional organ tissues such 
as heart, lung, intestinal, and even brain tissues  have already 
been created in laboratory settings. Surely, before these 
models are clinically applied, major obstacles must be over-
come.13,14,15,16 However, these models can already be used for 
drug testing. Since the used tissue is of genuine human ori-
gin, drugs tested with these systems are of immensely greater 
physiological significance than drugs based on animal models 

“Instead of only treating the 
symptoms, bioprinted or 

engineered tissue implanted 
into the patient to replace 
pathologic tissue would
eradicate the underlying 

causes of symptoms.”

that are currently used to achieve approval as 
new medications.17 For instance, a recent study 
managed to incorporate human liver cells into 
a living mouse – a success in combining both 
an animal model and engineered human tis-
sues to increase prediction accuracy regarding 
side effects for humans.18

However, despite the previously men-
tioned advances in small-scale organ engineer-
ing in the lab, a large-scale breakthrough is 
still pending. Organs are sophisticated, three-
dimensional entities that are composed of cells 
with distinct functions, connected to the vas-
cular system, and modulated by superordinate 
control units in the brain. The distinct three-
dimensional structure of an organ is difficult to 

recreate by hand in the lab. Fortunately, however, bioprinting 
offers promising strategies to tackle these issues.

VENTURING INTO THE THIRD DIMENSION: BIOPRINTING

Bioprinting is another very young field of research, which 
is aimed at harnessing the functionality of 3D rapid pro-

totyping techniques for biological materials. The first bioprint 
was generated by Dr. Thomas Boland’s laboratory at Clemson 
University using a customary ink-jet printer with a distinct 
modification: the ink was not a cartridge of magenta-004 but, 
rather, a bio-ink that was fabricated in the laboratory.19 

What sets a bio-ink apart from a customary ink? As per 
the lab setup, cells need an extracellular matrix and an envi-

ronment that provides cues so 
they can grow.4 The bio-ink con-
tains both cells and the ECM 
mixed together, thereby forming 
a bio-gel that can be extruded 
from a printer nozzle.19 Once the 
bioprinters extrude this bio-gel, 
they can contour the shape of 
the desired cell construct. They 
print the target structure layer-
by-layer.19 By using multiple bio-
inks, additional cell populations 
or scaffolding inks only consist-
ing of ECM can be mixed. This 
procedure can be automatized 
and has tremendous potential to 

dramatically speed up the process of tissue construct creation 
in the third dimension.

FEATURES OF BIOPRINTING

While an engineered tissue monolayer can be fully con-
trolled during maturation, it is difficult to do so with 

a bioprinted construct. Cells on the inside of the monolayer 
need nutrition and oxygen, but submerging the construct in 
a nutrient solution will only affect the outmost layers of the 
bio-ink.20 The pioneers of the bioprinting field, located at the 
Wake Forest University in North Carolina, thus focus on a 
paradigm borrowed from nature. Cells, as they have argued, 
have an innate capability to self-assemble into defined entities 

Figure 1. Apligraf®, the first commercially available skin graft.
Image Source: Organogenesis Inc.



 Spring 2016 • Volume 15, Issue II⏐  TuftScope 23 

with varying functionality.21 This is what happens during the 
nine months inside the mother’s womb, after which a full 
human organism is born, with different organs comprised of 
specialized cell types. In bioprinting, the bio-ink only works 
as a carrier for cells so that they may subsequently develop 
into a functioning tissue or organ. This would enable the 
development of blood vessels to perfuse across the construct 
and provide a nutrient supply route to parts within the cell 
structure, a hurdle which tissue engineering is still attempting 
to overcome.23 However, as with tissue engineering, the labo-
ratory successes in printing kidney prototypes or skin grafts 
have yet to be implemented clinically.22, 23

OUTLOOKS

Both tissue engineering and bioprinting are promising fields 
because of their holistic approaches to treating a given 

disease. Instead of only treating the symptoms, bioprinted or 
engineered tissue implanted into the patient to replace  
pathologic tissue would eradicate the underlying causes of 
symptoms. Moreover, stable tissues can serve as accurate pre-
dictive models for drug testing and could be used to replace 
standard animal models in the future. There are many exam-
ples of drugs that have been successfully tested in animals but 
have caused severe side effects in humans. Additionally, cre-
ating organs from a patient’s own cells circumvents the risk 
of tissue rejection after a transplant, since the patient’s own 
cells – to which the body is already accustomed – would be 
composing the organs.

CONCLUSION

Both of the reviewed, rising fields of medical research have 
already proven successful in laboratory environments 

through promising results and publication across several 
projects, yet there remain many obstacles to overcome before 
they can be practically applied in a clinical setting. Even 
products like Apligraf®, the first commercially-available tis-
sue engineered product, must undergo further development 
to widen the scope of their applicabilities. Tissue engineering 
can potentially be used for many different cell types of the 
human body, ranging from solid bone to soft skin to complex 
brain tissue. As such, the combination of tissue engineering 
and bioprinting may develop into a feasible way to push the 
limits of ex vivo-grown tissues into the third dimension. While 
the small-scale laboratory organ constructs have potential and 
have already resulted in remarkable findings, large-scale tissue 
approaches will require advancements such as incorporat-
ing more vasculature, creating bioreactors that can maintain 
body conditions throughout the entire tissue construct, and 
improving biopriting efficiency. Much more research must be 
conducted before organs can be made from humans’ own cells 
on a large scale. Thus, an increasing number of researchers are 
devoting their efforts to the discussed fields of medicine to 
ensure that, one day, John’s miraculous life-saving treatment 
will indeed become a viable option. 

Figure 2. A 3D Bioprinter on a laboratory bench.
Image Source: Army.mil
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