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Abstract

Tissue engineering is a widely developing scientific field, which combines technological solutions with the biology of the liv-
ing organism. Regenerative medicine that uses tools of tissue engineering offers alternative means of therapy enhancing
damaged tissues or organs. One of the development directions of contemporary chemical engineering is the scientific de-
scription of novel technologies that will enable production of porous structures — with high utility for biomedical engineer-
ing. 3D printing is one of the most popular methods used to produce scaffolds for cell culture. Nowadays a research team,
in which authors are currently working, is dealing with the problem of manufacturing 3D constructs that play the role of ar-
tificial organ, obtained via 3D bioprinting. In the current article we present the possibilities and limitations of 3D bioprinting
method in the context of possible application of manufactured structures as fully functional organs.

Streszczenie

Inzynieria tkankowa stanowi dynamicznie rozwijajaca sie dziedzine nauki faczaca rozwiazania techniki z biologia zywe-
go organizmu. Medycyna regeneracyjna, korzystajac z narzedzi inzynierii tkankowej, oferuje alternatywne podejscie do
terapii wspomagajacych odbudowe zniszczonych tkanek czy narzadéw. Jednym z kierunkéw rozwoju wspoétczesnej inzy-
nierii chemicznej jest opracowanie nowoczesnych technologii umozliwiajacych wywarzanie struktur porowatych o wyso-
kiej uzytecznodci w inzynierii biomedycznej. Wiréd najbardziej popularnych metod wykorzystywanych do wytwarzania
rusztowan do hodowli komorek jest technika druku 3D. Obecnie zesp6t badawczy, w ktérym pracujg autorzy, opracowu-
je technike wytwarzania za pomoca biodruku 3D konstruktéw spetniajacych funkcje sztucznych narzadéw. W artykule
przedstawiono zestawienie mozliwos$ci i ograniczert omawianej metody biodruku 3D w kontek$cie mozliwosci zastosowania
wytworzonych struktur jako funkcjonalnych sztucznych organdéw.

caemia, with mortality estimates ranging from 4 to 10
per cent of deaths. There are two alternative options
for achieving near normal glycaemia in patients with
T1D: pancreas or islet transplantation. Both methods
are able to restore glucose-regulated endogenous in-
sulin secretion, arrest the progression of the compli-
cations of diabetes, and improve quality of life. They

Introduction

The problem of diabetes is widespread — in Poland
alone almost 2.5 million people suffer from diabe-
tes, of whom 200,000 have type 1 diabetes (T1D) [1].
The WHO reports that the number of diabetic patients
worldwide could double by 2030 [2]. When diabetes is

caused by destruction or dysfunction of the pancre-
atic beta cells, leading to insulin deficiency, patients
should be treated with a protocol of physiologic in-
sulin replacement. Despite optimal glucose level and
insulin regimen treatment, many diabetic patients
develop further complications due to vascular and
nerve damage. They include myocardial infarction,
stroke, end-stage renal disease, retinopathy, and foot
ulcers, all of which significantly increase diabetic pa-
tients” mortality. Another important problem in dia-
betic patients treated with insulin is severe hypogly-
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require difficult surgical procedures and lifelong im-
munosuppression to prevent rejection. Moreover,
there are insufficient available organs for transplanta-
tion. Although pancreas islet transplantation is of low
invasiveness, simplistic, safe, and has a wide spectrum
of potential implementation sites (portal vein, gastric
submucosa) [3, 4], the biggest disadvantage is signifi-
cant loss of islets immediately after the transplanta-
tion procedure - as a chronic inflammatory response
and absence of extracellular matrix. The solution in
the treatment of the T1D disease seems to be a bio-
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printed bionic pancreas, which overcomes many
of the limitations presented above. This is novel way
of dealing with diabetes and is currently under devel-
opment.

History of bioprinting

A promising method and a solution to organ
shortage is the bioprinting of bionic pancreases made
of pancreatic islets suspended in an appropriate poly-
mer gel, which corresponds to the natural extracel-
lular matrix — the viability of pancreatic islets grows
significantly due to the major reduction of initiation
apoptotic processes. The indispensable assets of bio-
printing are: innovativeness of process, direct adapta-
tion to the patient’s needs by tissue individualisation,
independence from a number of donors, and no trans-
plant rejection when pancreatic islets are developed
from patients’ stem cells using methods of tissue en-
gineering [5]. Nevertheless, the process of bioprinting
would not take place if not for the intensified develop-
ment of 3D printing in the 80s and 90s.

The first bioprinters were developed in 1984 by
Charles Hull [6], who patented the stereolithogra-
phic method. Four years later the first commercial
3D printer (SLA-250) appeared on the global market
called a ‘Stereolithography Apparatus’ [7, 8]. In the 90s
Emmanuel Sachs patented and implemented the term
‘3D printer’. First plastic, metal, and ceramic elements
were 3D printed [9]. In 1996, for the first time in history,
biomaterial was used in tissue regeneration (Figure 1).
In 2001 direct printing of a scaffold in the shape
of a bladder and seeding of a donor’s cells took place.
Next, in 2002 and 2003 researchers developed a bio-
printing method in which cells were characterised by
their high viability. That was the moment when Thom-
as Boland patented inkjet bioprinting [10]. A year later
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the first tissue was directly printed (without scaffold).
This episode led to the invention of a brand new 3D
bioprinter in 2009: the Novogen MMX, and resulted
in massive commercialisation. The following years
saw the introduction of many new bioprinting prod-
ucts, such as: scaffold-free vascular constructs (2009),
skin printing and injection of hepatocytes into col-
lagen (2010), articular cartilage (2012), artificial liver
(2012), tissue integration with circulatory system
(2014), and even heart valves (2016) [5, 11].

Currently, the most fabricated artificial tissues us-
ing methods of 3D bioprinting are: (I) blood vessels
—focused on geometry optimisation, flow quality pre-
diction, and component diffusion; (II) heart — the most
important is bioprinting of valves made of hydrogel
and valve interstitial cells (VICs) with high efficiency;
(III) bones — scaffolds bioprinted with a focus on pre-
cise pore geometry control, cell viability, and the cells’
mechanical properties; (IV) liver — bioprinting of liver
tissue for biological and medical detection of drugs,
toxins, and other chemical compounds; and (V) skin
— production of skin substitutes in wound healing
and research of skin infection pathophysiology [12].
It is worth noting that the modern study in the field
of biomedical engineering is focused only on research
and development of the aforementioned methods and
not commercially available medical bioproducts [13].

Currently there are three main bioprinting meth-
ods: laser-assisted, inkjet, and extrusion [14]. Each
of these techniques demand particular requirements
for bio-inks in order to achieve high cell viability and
desired shape of the 3D bio-artificial organs. Not all
types of cells are compatible with a desired bioprint-
ing method. For example, the laser-assisted method is
not a cell friendly method due to the heat generated
from the laser, and it is not recommended for nondu-

Use of biomaterial for the first time in tissue regeneration

Invention of inkjet bioprinting
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Direct printing of bladder scaffold
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Figure 1. Schematic history of bioprinting

Invention of the first commercial bioprinter — Novogen MMX
Scaffold-free vascular constructs
Skin printing and injection of hepatocytes into collagen

Bioprinting of articular cartilage

Extrusion-based bioprinting of artificial liver
Integration with circulatory system

Bioprinting of heart valve

2016
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Figure 2. Pancreatic islets after isolation protocol with di-
thizone staining

rable cells. Inkjet- and extrusion-based methods are
one of the best and most widely used in the fabrica-
tion of 3D organs because of their high cell viability
and lower shear stress [11].

The role of scaffold

Use of the rapid prototyping method in the pro-
duction of artificial scaffold, which is the foundation
for differentiating cells, seems to be promising for con-
temporary regenerative medicine. As was mentioned
before, there are some limitations to pancreas or islets
transplantation procedures, mainly due to immuno-
suppressive drugs and their side effects. Moreover,
‘naked’ islets lack not only vascularisation but also
extracellular matrix, which gives an optimal environ-
ment for their development (Figure 2). As a conse-
quence, islet viability decreases, which leads to their
functional impairment [15, 16]. An alternative for tra-
ditional mode of enhancing patients’ quality of life
with dysfunction of pancreatic beta cells is fabrication
of an artificial organ, fulfilling proper functions, us-
ing material taken from a recipient. A bionic pancreas.
3D bioprinted pancreas slices are a subject of research
and development by the Foundation for Research and
Science Development Team as a part of the Bionic
Consortium (Figure 3). This is a promising approach
to solve the problem because they are fabricated from
cells taken directly from the recipient and placed onto
an artificial scaffold made of biocompatible materials.
Typical biomaterials used in the production of artifi-
cial scaffolds can be divided into two groups: natural
and synthetic. Natural-based polymers are: alginate,
cellulose, chitosan, hyaluronic acid (HA), collagen,
laminin, and fibronectin. Synthetic-based scaffolds
include: polyethylene glycol (PEG), polyethylene gly-
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Figure 3. Fragment of 3D bioprinted pancreatic slice

col diacrylate (PEGDA), poly(lactic-co-glycolic acid)
(PLGA), and poly(e-caprolactone) (PCL) [17, 18].

The application of 3D bioprinting in fabrication
of artificial organs, especially bionic pancreas, is an in-
novative solution, but crucial points of procedure
need additional research in order to verify the whole
process and to minimise potential risk. A major ad-
vantage of producing pancreas slices is the possibility
of generating a composite construct with a precise de-
position of the required number of pancreatic islets
at the same time, which would act as a fully func-
tional organ. The impact of the shape and mate-
rial of the scaffold on the viability and functional-
ity of suspended islets is predictable because there is
a hypothesis that states porous structures grant better
and efficient transport of nutritional compounds and
oxygen inside pancreatic slices and easier interaction
between islets [19, 20].

Also, current research is conducted on three dif-
ferent types of polymers, but only to evaluate the via-
bility of seeded human islets (Table 1) [21]. The impact
of the shape is unknown.

Method limitations

Undoubtedly the research teams that are focused
on the problematics of bioprinting artificial organs
face alot of obstacles. The current milestone in the bio-
printing of whole organs is the composition of the bio-
ink. It should be characterised by proper biochemical
and physical features — this is crucial and will affect
islet viability and cell differentiation. The main prob-
lem is fabrication of porous structures layer by layer,
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Table 1. Comparison of three polymers after seeding of human islets and seven-day culture

Type of polymer Morphology of islets Outgrowth of cells? GSIS test FDA approved?
PDLLCL Spherical with minor aggregation Yes Proper response to test Yes
PEOT/PBT Large aggregates Yes Proper response to test Yes
Polysulfone Large aggregates Yes Proper response to test Yes

PDLLCL — poly(D,L-lactide-co- -caprolactone), PEOT/PBT — poly(ethylene oxide terephthalate)/polybutylene terephthalate block copolymer

and in the case of ‘soft” biological material it can lead
to mechanical disruption such as crushing of the low-
er construct layers. One of the main challenges in
the field of tissue engineering is fabrication of vascu-
lature inside the biomaterial scaffold, which would
enhance nutritional compounds, oxygen, and metab-
olite transport — indirectly increasing cell viability. To
date, no results have been published about the fabri-
cation of a vascularised organ. This can be linked with
current apparatus limitations and the relatively low
resolution (circa 100 pm) of bioprinters using bio-ink.

Future perspectives

A fully operational bionic pancreas seems to be
a revolutionary solution in dealing with T1D. Nev-
ertheless, it is still a brand new and not fully devel-
oped area of bioprinting. For example, the most well
known examples of bioprinted organs are connected
with heart, liver, and skin but and not the pancreas.
The ideal situation will take place when all efforts are
be focused on faster development of bioprinted arti-
ficial pancreas including the composition of the bio-
ink —which is crucial and the most tedious and expen-
sive part of the preparation. This should be resolved
by lowering the costs of ECM compounds by direct
collection from donors or spare organs and purifica-
tion in-house. The next perspective includes higher
resolution for bioprinters. Future work can be done in
lowering the diameter of the printing needle, which
should be smaller than 100 pm in order to achieve
optimal resolution in vascularised bioprinted organs.
We hope that by 2022 a fully operational bionic pan-
creas will be commercially available.
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