Polymers in Tissue Engineering

Organ Donation
Organ donation is essential to save lives, but there are not enough organs available.
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For current data reports on transplants performed, including by recipient age, ethnicity,
gender, or state, visit the OPTN Data Reports (https://optn.transplant.hrsa.gov/).

Organ Donation Statistics

https://www.organdonor.gov/statistics-stories/statistics.html

How many people are waiting for a transplant? Who receives organs and what organs are most needed?

113,000+: Number of men, women and children on the
national transplant waiting list as of July 2019.
36,528: Transplants were performed in 2018.**
20:
People die each day waiting for a transplant.

We All Need to Register. Here’s Why:
95% of U.S. adults support organ donation but only 58% are
actually signed up as donors.
Every 10 minutes another person is added to the waiting list.
Only 3 in 1,000 people die in a way that allows for organ
donation.

One Donor Can Save Eight Lives. One
person can donate up to 8 lifesaving organs.

The Benefits of Organ Donation
How Organ & Tissue Donation Changes Lives

http://www.wilsontimes.com/stories/donate-life-month-encourages-organ-donor-registration,120471

https://www.giftoflifemichigan.org/about-donation/benefits-organ-donation

Antifreeze Polymers

Figure 1. PVA with DP = 30 binds to the prismatic plane of ice in a long process that is reversible at its early stages. (a) Time evolution of the number of OH groups of PVA
bound to ice, NOH, where NOH is computed as a running average over 1 ns windows of the trajectory to filter fast fluctuations that do not physically correspond to binding/
unbinding events. (b−f) Snapshots along the binding simulation. The times corresponding to the snapshots are indicated in panel a. Ice is represented with silver sticks, water
with cyan points, bound OH groups of PVA with red balls, unbound OH groups with blue balls, and the hydrocarbon backbone with green sticks.

The bound times τ of each oligomer at the ice surface as a function
of the average number nOH of OH groups bound for that time
interval. We find that τ depends on nOH but not on the degree of
polymerization of PVA. The higher the DP of PVA, however, the
higher is the number of OH groups that can bind to ice and the
longer is the maximum time that the chain can pin the ice surface,
preventing its growth.

Ice recrystallization inhibitors (IRI) are of critical importance in biology, cryopreservation of cells
and organs, and frozen foods. Antifreeze glycoproteins (AFGPs) are the most potent IRI. Their cost
and cytotoxicity drive the design of synthetic flexible polymers that mimic their function. Poly(vinyl
alcohol) (PVA) is the most potent biomimetic found to date, although it is orders of magnitude less
potent than AFGPs. A lack of molecular understanding of the factors that limit the IRI efficiency of
PVA and other flexible ice-binding polymers hinders the design of more potent IRI.
The onset of IRI activity of PVA occurs for 15 < DP < 20, in agreement with experiments. We
predict that polymers with stronger binding to ice per monomer attain IRI activity at lower DP and
identify this as a contributor to the higher IRI potency of AFGPs. The simulations reveal that the
limiting step for binding of flexible molecules to ice is not the alignment of the molecule to the
surface or the initiation of the binding but the propagation to reach its full binding potential. This
distinguishes AFGPs and PVA from rigid antifreeze proteins and is responsible for their different
scaling of efficiencies with molecular size.

Naullage 2020, Slow propagation of ice binding limits the ice-recrystallization inhibition efficiency of PVA and other flexible polymers

Antifreeze Polymers
Polymers to the rescue! Saving cells from damaging ice (Feb 13, 2020) Ice can tear apart cells in cryo-storage; Polymers can save the day
Cell therapies hold great promise for revolutionizing the treatment of cancers and autoimmune diseases. But this multibillion-dollar industry
requires long-term storage of cells at super-cold cryogenic conditions, while ensuring they’ll continue to function upon thawing. However,
these cold temperatures trigger the formation and growth of ice, which can pierce and tear apart cells. Research published in the Journal of the
American Chemical Society by University of Utah chemists Pavithra Naullage and Valeria Molinero provides the foundation to design efficient
polymers that can prevent the growth of ice that damages cells.
Nature’s antifreeze
Current strategies to cryopreserve cells and organs involve bathing them with large amounts of dimethyl sulfoxide, a toxic chemical that messes up ice formation but stresses
the cells, decreasing their odds for survival. Nature, however, has found a way to keep organisms alive under extreme cold conditions: antifreeze proteins. Fish, insects and
other cold-blooded organisms have evolved potent antifreeze glycoproteins that bind to ice crystallites and halt them from growing and damaging cells. The growing area of
cell-based therapeutics demands the development of potent inhibitors of ice recrystallization that can compete in activity with natural antifreeze glycoproteins but do not have
the cost and toxicity of dimethyl sulfoxide. This demand has propelled the synthesis of polymers that mimic the action of antifreeze glycoproteins. But the most potent synthetic
ice recrystallization inhibitor found to date, polyvinyl alcohol (PVA), is orders of magnitude less potent than natural glycoproteins. “Efforts to identify stronger inhibitors for ice
growth seem to have stalled, as there is not yet a molecular understanding of the factors that limits the ice recrystallization inhibition efficiency of polymers,” Molinero says.
A hidden polymer design variable
How do molecules prevent ice crystals from getting bigger? Molecules that bind strongly to ice pin its surface–like stones on a pillow–making the ice front develop a curved
surface around the molecules. This curvature destabilizes the ice crystal, halting its growth. Molecules that stay bound to ice for times longer than the time it takes to grow ice
crystals succeed in preventing further growth and recrystallization. Molinero and Naullage used large-scale molecular simulations to elucidate the molecular underpinnings of
how flexibility, length and functionalization of polymers control their binding to ice and their efficiency to prevent ice growth. Their study shows that the bound time of the
molecules at the ice surface is controlled by the strength of their ice binding coupled with the length of the polymer and how fast they propagate on the ice surface. “We found
that the efficiency of flexible polymers in halting ice growth is limited by the slow propagation of their binding to ice,” Molinero says.
The study dissects the various factors that control the binding of flexible polymers to ice and that account for the gap in potency of PVA and natural antifreeze glycoproteins. In
a nutshell, each block of antifreeze glycoproteins binds more strongly to ice than PVA does, and are also favored by their secondary molecular structure that segregates the
binding and non-binding blocks to allow them to attach faster to ice to stop its growth. “To our knowledge, this work is first to identity the time of propagation of binding as a
key variable in the design of efficient ice-binding flexible polymers,” Naullage says. “Our study sets the stage for the de novo design of flexible polymers that can meet or even
surpass the efficiency of antifreeze glycoproteins and make an impact in biomedical research.” Credit: University of Utah
https://scienmag.com/polymers-to-the-rescue-saving-cells-from-damaging-ice/

Polymer-Mediated Cryopreservation of Bacteriophages
Bacteriophages (phages, bacteria-specific viruses) have
biotechnological and therapeutic potential. For many biologics,
cryopreservation is employed for long-term storage and
cryoprotectants are essential to mitigate cold-induced damage. Here,
we report that poly(ethylene glycol) can be used to protect phages
from cold damage, functioning at just 10 mg/mL (~1 wt %) and
outperforms glycerol in many cases, which is a currently used
cryoprotectant. Protection is afforded at both -20 and -80 °C, the two
most common temperatures for frozen storage in laboratory settings.
Crucially, the concentration of the polymer required leads to frozen
solutions at -20 °C, unlike 50% glycerol (which results in liquid
solutions). Post-thaw recoveries close to 100% plaque-forming units
were achieved even after 2 weeks of storage with this method. Initial
experiments with other hydrophilic polymers also showed
cryoprotection, but at this stage, the exact mechanism of this
protection cannot be concluded but does show that water-soluble
polymers offer an alternative tool for phage storage. Ice
recrystallization inhibiting polymers (poly(vinyl alcohol)) were found
to provide no additional protection, in contrast to their ability to
protect proteins and microorganisms which are damaged by
recrystallization. PEG’s low cost, solubility, well-established low
toxicity/immunogenicity, and that it is fit for human consumption at
the concentrations used make it ideal to help translate new approaches
for phage therapy

Marton 2021, Polymer-mediated cryopreservation of bacteriophages

Figure 1. Ice recrystallization inhibition activity of polymers in SM-II buffer. (A) Example
micrographs of ice wafers after 30 min annealing at −8 °C. PEG (4000 g·mol−1), 10 mg·mL−1, and
PVA (10 000 g/mol), 1 g/mol). Scale bars = 100 μM. (B) IRI activity as a function of polymer
concentration. MGS = mean grain size relative to SM-II control.

Tumbleweed
Tumbleweed is a plant that breaks away from its
roots and is driven about by the wind as a light rolling
mass, scattering seeds as it goes. Examples include
pigweed (Amaranth retroflexus, a widespread weed
in the western United States) and other amaranths,
tumbling mustard, Russian thistle, the steppe plant
Colutea arborea, and the grass Spinifex of Indonesian
shores and Australian steppes.

https://www.britannica.com/plant/tumbleweed

An Alive Tumbleweed
We have all seen tumbleweeds rolling around
on empty stretches of land. However, not many
of us have ever seen a tumbleweed that’s alive.
Here is a treat for your eyes.

https://tigerscroll.com/rare-pictures-that-will-show-you-the-unseen-side-of-things-long/52/

Organs from Animals
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Transplants
Allograft (also known as homograft)
Organs, tissues, and cells from one species transplanted to another animal of the same species (e.g.,
dog to dog or human to human).
Organ allografts (kidneys, liver, lung, heart, etc.) require immediate surgical revascularization for
their metabolic requirements, thereby requiring reattachment by surgical anastomosis of the major
arteries and veins.
Tissues and cells do not require revascularization and can be implanted without immediately
establishing a direct blood supply (heart valves, blood vessels, orthopedic tissues, skin, cornea, etc.).
Autograft
Tissue reimplanted into the donor (e.g., use of a patient’s own veins or arteries in heart bypass
grafting).
Xenograft
Tissue transplanted from one species to another (e.g., pig to monkey or pig to human).

Human Parts from Animals
Future Facts. Innovations to look out for in 2020 and beyond.
Don Steinberg
TIME, February 3, 2020

Xenotransplantation
Human Parts From Animals
Chinese scientists recently bred piglets born with monkey
cells in them. Researchers from California’s Salk Institute
created embryos containing both human and monkey cells.
These and other similar sci-fi-sounding experiments are
aimed at creating transplantable human organs, which are
often in short supply.

Using animal organs in humans:
'It's just a question of when'.
https://www.theguardian.com/science/2019/apr/03/animal-global-organ-shortage-geneediting-technology-transplant

The real question is when is 'when’?
Is it 10 years from now or 100 years from now?

Xenotransplantation is any procedure that involves the transplantation, implantation or infusion
into a human recipient of either (a) live cells, tissues, or organs from a nonhuman animal source,
or (b) human body fluids, cells, tissues or organs that have had ex vivo contact with live
nonhuman animal cells, tissues or organs. The development of xenotransplantation is, in part,
driven by the fact that the demand for human organs for clinical transplantation far exceeds the
supply.
Currently ten patients die each day in the United States while on the waiting list to receive
lifesaving vital organ transplants. Moreover, recent evidence has suggested that transplantation
of cells and tissues may be therapeutic for certain diseases such as neurodegenerative disorders
and diabetes, where, again human materials are not usually available.
Although the potential benefits are considerable, the use of xenotransplantation raises concerns
regarding the potential infection of recipients with both recognized and unrecognized infectious
agents and the possible subsequent transmission to their close contacts and into the general
human population. Of public health concern is the potential for cross-species infection by
retroviruses, which may be latent and lead to disease years after infection. Moreover, new
infectious agents may not be readily identifiable with current techniques.
https://www.fda.gov/vaccines-blood-biologics/xenotransplantation

From Pig with Love to Human
In a First, Man Receives a Heart From a Genetically Altered Pig
The breakthrough may lead one day to new supplies of animal organs for transplant into human patients.
A 57-year-old man with life-threatening heart disease has received a heart from a genetically modified pig, a
groundbreaking procedure that offers hope to hundreds of thousands of patients with failing organs. It is the first
successful transplant of a pig’s heart into a human being. The eight-hour operation took place in Baltimore on
Friday, and the patient, David Bennett Sr. of Maryland, was doing well on Monday, according to surgeons at the
University of Maryland Medical Center. “It creates the pulse, it creates the pressure, it is his heart,” said Dr. Bartley
Griffith, the director of the cardiac transplant program at the medical center, who performed the operation.
“It’s working and it looks normal. We are thrilled, but we don’t know what tomorrow will bring us. This has never
been done before.”
“This is a watershed event,” said Dr. David Klassen, the chief medical officer of the United Network for Organ
Sharing and a transplant physician. “Doors are starting to open that will lead, I believe, to major changes in how we
treat organ failure.”
But he added that there were many hurdles to overcome before such a procedure could be broadly applied, noting
that rejection of organs occurs even when a well-matched human donor kidney is transplanted. “Events like these
can be dramatized in the press, and it’s important to maintain perspective,” Dr. Klassen said. “It takes a long time
to mature a therapy like this.”
. Bennett decided to gamble on the experimental treatment because he would have died without a new heart, had
exhausted other treatments and was too sick to qualify for a human donor heart, family members and doctors said.
The New York Times. Jan. 10, 2022. Roni Caryn Rabin

Pig Kidneys Transplanted Into Brain-Dead Man as Patients
Face Organ Shortages
First-of-its-kind surgery in Alabama is seen potentially leading to clinical trials of
animal-to-human transplants
Jamy Marcus on January 20, 2022.
https://www.wsj.com/articles/pig-kidneys-transplanted-into-brain-dead-man-as-patients-face-organ-shortages-11642680005

Surgeons performed an eight-hour
transplant of a genetically modified
pig’s heart at the University of
Maryland Medical Center.

Dr. Bartley Griffith, left, performed
the operation on David Bennett Sr.
to receive a new heart from a
genetically modified pig.

Should We Be Breeding Pigs Just for Their Hearts?
Jan Dutkiewicz/January 20, 2022
https://newrepublic.com/article/165074/pig-heart-transplant-ethics

Pig Kidneys to Human
Pig Kidneys Transplanted to Human in Milestone Experiment
Experts predict that such nonhuman-to-human “xenotransplants” may become a viable option within the next decade
It’s an exciting time to be an organ transplant physician. Just two weeks ago, doctors in Baltimore
reported completing the first successful transfer of a pig heart into a living human patient. Now pig
kidneys might be just around the corner.
In late September 2021 a team of researchers transplanted a gene-edited pig’s two kidneys into the body
of a person who had undergone brain death (the irreversible loss of all brain function) in a procedure
designed to fully simulate clinical transplantation. Once inserted, the new kidneys sustained blood flow
and even produced urine until the study ended 77 hours later. The results were published on Thursday in
the American Journal of Transplantation.
“It really demonstrated that we have the infrastructure to be able to do this,” says the new study’s lead
surgeon Jayme Locke, a transplant surgeon at the University of Alabama at Birmingham (UAB). The
investigation’s standardized process “is going to be just as important as demonstrating that the pig
kidneys are viable in humans.”
An organ transplant is full of risks. The human immune system is remarkably good at distinguishing
between “self” and “nonself,” and when it detects a foreign entity—whether a virus, a strange bacterium
or someone else’s internal organ—it mounts an attack. This is great for fighting disease. But in the
context of transplantation, a strong immune response can eventually cause the body to reject the new
organ. To avoid this, doctors prescribe immunosuppressing drugs to the recipient. Unfortunately these
medications also leave the patient susceptible to viruses and bacteria. “The biggest risk is
[miscalculating] this balance between rejection and infection,” says Dorry Segev, a kidney
transplantation specialist at Johns Hopkins University, who was not involved in the research.
For patients receiving a nonhuman organ, a procedure called a xenotransplantation, that risk is
multiplied. Xenotransplants (and, in rare cases, poorly matched human organ transplants) can trigger a
phenomenon called hyperacute rejection, in which the body begins aggressively attacking the new organ
within hours or even minutes of surgery. “It’s a different type of rejection. And it’s a fundamental
barrier,” says Paige Porrett, director of vascularized composite allotransplantation and of Clinical and
Translational Research at UAB’s Comprehensive Transplant Institute and lead author of the study.

Porrett’s team overcame this obstacle by using kidneys from a designer swine with 10
key genetic tweaks to make its organs a better match for humans. For instance, the
donor pig was equipped with genes to help prevent blood clots and regulate blood
vessel strength. Another gene, involved in responding to growth hormones, was
knocked out to ensure that the transplanted kidneys stayed human-sized inside its
recipient. “I certainly wouldn’t want a pig-sized kidney,” Locke says.
The team’s procedure was not the first pig-to-human kidney transplantation: that
operation took place on September 25 at NYU Langone Health, and the recipient was
also a person without brain activity. “It was pretty exhilarating,” says Robert
Montgomery, director of the NYU Langone Transplant Institute, who performed the
surgery with his team. His and his colleagues’ research was designed primarily to test
the viability of the single kidney. While the organ functioned successfully, removing
waste from the blood and disposing of it in the form of urine, it was attached to a
blood vessel in the recipient’s upper leg rather than implanted in the abdomen, where
kidneys normally go.
In contrast, the UAB team executed a full clinical transplant procedure, from
assessing organ compatibility to removing the recipient’s kidneys and replacing them
with the xenotransplants. The researchers also took pains to ensure that the donor pig
was raised in a pathogen-free facility, and they had the entire process reviewed by an
ethics board. “At times that felt harder than the actual science that we were doing,”
Porrett says.

Joanna Thompson on January 20, 2022.

Jamy Marcus on January 20, 2022.

https://www.scientificamerican.com/article/pig-kidneys-transplanted-to-human-in-milestoneexperiment/?utm_source=newsletter&utm_medium=email&utm_campaign=today-inscience&utm_content=link&utm_term=2022-01-20_featured-thisweek&spMailingID=71141861&spUserID=NTY3NzEwMjIyMQS2&spJobID=2231333715&spReportId=MjIzMTMzMzcxNQS2

https://www.wsj.com/articles/pig-kidneys-transplanted-into-brain-dead-man-as-patients-face-organ-shortages-11642680005

Tissue Engineering
Since there are not enough donated organs to meet the demands, human organs need to be obtained
by other means. One way is to obtain organs from animals, but this has numerous problems now.
Alternatively, artificial organs can be made in laboratories, and such synthetic approach resulted in a
new research field known as tissue engineering. The tissue engineering approach is still far from
perfect and practical, but it provides a tool to develop artificial organs in the future with a series of
innovations by young scientists.

Tissue Engineering
Application of the principles and methods of engineering and the life sciences toward the fundamental understanding of structure-function relationships in normal
and pathological mammalian tissues and development of biological substitutes to restore, maintain, or improve function. (Skalak 1988)
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Development of Tissue Engineered Artificial Organs
Templates/Scaffolds
Biocompatible and biodegradable materials
Natural: Collagen, Hyaluronic acid, Gelatin.
Synthetic: PGA, PLA, PLGA.
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Porous Scaffold Preparation
The key here is that the pores have to be interconnected, i.e., making continuous channels where cells can migrate and grow.
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The Extracellular Matrix (ECM)
Before we discuss tissue engineering, we need to recall our understanding of the extracellular matrix (ECM).
Biological tissues and organs consist of cells surrounded by a complex molecular framework that is known as ECM.
ECM is a complex mixture of different macromolecules, such as collagens, proteoglycans, glycoproteins, and
elastin and one of its important roles is to provide tissues with the appropriate structural integrity. ECM can be
simply considered to be a house for cells.

Examples of ECM Functions
Cells

1. Immobilization of the cells to prevent fusion, aggregation, and necrosis.
2. Improved oxygen transport, such as is provided with perfluorocarbons.
3. Presentation of an acceptable physical environment for attachment-dependent cells.
4. Provision of an acceptable chemical environment (e.g., collagen gels have been
shown to induce epithelial cells to grow into duct-like structures and to promote
neonatal endocrine pancreatic cells to organize into islet-like structures.)
5. Physical limitation of the cell volume within the chamber.
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6. Physical support for the outer membrane.
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History of Tissue Engineering
History of Tissue Engineering
The term “tissue engineering” as recognized today was first introduced at a panel meeting of the National Science Foundation in 1987,
which led to the first tissue engineering meeting in early 1988. However, tissue engineering strategies date back to the seventies and eighties
for developing skin substitutes. Despite these early approaches for replacement, repair, and regeneration of failing organs, the true emergence
of tissue engineering as a medical field started in the early nineties when tissue engineering was defined as an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of biological substitutes that restore, maintain or improve
tissue function.
Goals of Tissue Engineering
Tissue engineering aims to restore tissue and organ function by employing biological and engineering strategies to clinical problems. The
functional failure of tissues and organs is a severe and costly healthcare problem, as their replacement is limited by the availability of
compatible donors.
Artificial prostheses and mechanical devices save and improve the lives of millions of patients, but are not ideal since they are subject
to mechanical failure upon long-term implantation. Furthermore, mechanical devices rarely integrate with host tissues, and can trigger a host
immune response damaging healthy tissue around the implant. In addition, surgical reconstruction of organs and tissues are attempted where
the organs or tissues are moved from their original location to replace a damaged tissue, e.g., saphenous vein as bypass graft, patella tendon
for anterior cruciate ligament (ACL) repair. However, often this strategy fails to replace all the functions of the original tissue. Additionally,
development of malignant tumors, surgical complications, and morbidity at the donor sites are major problems in surgical reconstruction of
tissues. Thus, tissue engineering has emerged as another alternative for tissue or organ transplantation. The primary goal of tissue
engineering is to provide a biological substitute to treat tissue/organ loss or failure by integrating multiple aspects of engineering, biology,
and medicine. By recapitulating the normal tissue development process, tissue engineering represents a strategy to restore, maintain, and
improve tissue function, which ultimately aims toward complete organ replacement.
Sarkar 2013, Overview of tissue engineering concepts and applications, in Biomaterials Science (Third Edition), 2013. pp. 1122-1137.

Traditional Tissue Engineering Approaches: Two Main Strategies
(1) Transplantation of a tissue grown in vitro consisting of
an artificial matrix with cells and growth factors

(2) in situ regeneration of tissue utilizing a combination of an
artificial matrix and growth factors as a guiding template to
induce host cell regeneration of the tissue in vivo.
Note that scaffolds need to be
porous for cells to grow and
build their own extracellular
matrix. Example structures are
shown below.

A

In vitro tissue engineering followed by transplantation.

B

In vivo tissue engineering by transplantation of scaffold
and recruitment and reorganization of host cells

FIGURE II.6.2.1 Tissue engineering approaches may be classified into two categories: (A) transplantation of in vitro grown tissues; and (B) promotion of
tissue regeneration in situ. In both approaches the scaffolds or artificial matrices, often biodegradable polymers, are integrated with microenvironmental
factors (such as cytokines, growth factors, mechanical forces, physico-chemical factors, spatial and temporal signals, and extracellular matrix molecules).
Sarkar 2013, Overview of tissue engineering concepts and applications, in Biomaterials Science (Third Edition), 2013. pp. 1122-1137.

Traditional Tissue Engineering Approaches
In addition to traditional tissue engineering approaches, other methods used for tissue regeneration include local and systemic cell injection without a scaffold,
and closed looped systems used as implantable or extracorporeal devices. While classically these methods are not regarded as tissue engineering, they have
contributed significantly to tissue regeneration.
Cell Therapy. Cell therapy involves delivery of cells through systemic injection into the bloodstream or through direct transplantation into a local tissue. The
major requirement for this strategy is to harvest the cells and grow them in large numbers for in vivo transplantation.
Direct injection of cells to a local site is a common strategy attempted to promote tissue regeneration. However, the survival of the delivered cells is typically low,
often due to a lack of a rich nutrient and oxygen supply. Alternatively, cells can be administrated via systemic injection, which relies on cells traveling through
circulation to engraft in the target site. Cell transplants from bone marrow, peripheral blood or umbilical cord have been used to treat several blood-related
diseases including leukemia, multiple myeloma, and immune deficiencies. The main goal of these strategies is to deliver hematopoietic (blood) stem cells to treat
blood-related diseases. Recently, mesenchymal stem cells, connective tissue progenitor cells, which repair or regenerate non-hematopoetic tissues, have been
systemically injected to treat diseases including myocardial infarction, bone diseases, and brain injury in clinical trials. The main challenges for cell
transplantation are: growing large number of cells without bacterial contamination; preservation of cell phenotype; and preventing accumulation of genetic
mutations during culture expansion. Although cells have been successfully delivered to the heart to treat ischemic tissue following myocardial infarction, and into
the joint to treat arthritis, irrespective of the delivery route, cell therapies face challenges due to widespread death of the transplanted cells, poor engraftment, and
loss of control over the fate of the transplanted cells.
Closed Loop Methods. A variety of closed loop systems are used as extracorporeal or implantable devices which house the transplanted cells in a semipermeable
membrane. The membrane permits diffusion of nutrients and excreted products, but prevents the movement of antibodies, pathogens or immunocompetent cells.
There are several types of designs for such devices. Vascular type design uses a conduit structure around which the cells are transplanted in a chamber.
As blood flows through the conduit it provides nutrients to the transplanted cells, while cell-secreted substances diffuse into the bloodstream. Additionally,
micro/macrocapsule-based systems have been used as closed loop systems where cells are encapsulated within hydrogel droplets. The encapsulated cells can then
be cultured in vitro or transplanted in vivo, either to repopulate a defect site or to produce growth factors or other molecules that will have an effect on the
targeted cell population. Closed loop extracoporeal devices have been used for the treatment of liver, pancreas, and kidney pathologies. Major problems
associated with these types of devices include fouling, fibrous tissue overgrowth, restricted and hindered diffusion, and immunogenic response.

Sarkar 2013, Overview of tissue engineering concepts and applications, in Biomaterials Science (Third Edition), 2013. pp. 1122-1137.

Tissue Engineered Organs
When tissue engineering first began in the mid 1980's, scientists made many tissue-looking objects. An
ear or a nose grown in mice, shown below, attracted a lot of attention. Since then, numerous tissuelooking objects were made.
The difficulty here is that making something that looks like a human tissue or organ is one thing, but
making it functional is entirely another.
Please remember that the whole purpose of tissue engineering is to make artificial tissues and organs.
Until today, there are only a few products approved by the FDA, including artificial skins.
It is important to understand that after more than 3 decades of research on tissue engineering, the actual progress of
developing artificial organs has been painfully slow. So, remember that a good idea is just an idea, unless it is translated
into practical solution. There are many other good ideas, such as gene therapy, nanomedicine, etc., but all those still
remain just ideas after decades of research. One could say that research is hard and takes time. Exactly. This is why you
should not promote any particular research field from the outset, e.g., "We will develop a tissue-engineered heart in 10
years (a prominent scientist said this in 1986)" or "We will cure cancer using nanomedicine." Just do your research with
conviction. You will be a better scientist.

Next Generation Tissue Engineers
The field of tissue engineering has evolved from its early days of engineering
tissue substitutes to current efforts at building human tissues for regenerative
medicine and mechanistic studies of tissue disease, injury, and regeneration.
Advances in bioengineering, material science, and stem cell biology have
enabled major developments in the field.

Figure 2. State of the field of tissue engineering. Innovations in biomaterials,
regenerative engineering strategies, in vitro systems, and biotechnology have
propelled the advancement of tissue engineering over the last 20 years. Emerging
considerations for continued acceleration focus on building complexity into existing
models and enabling translation to patients. Created with Biorender.com.
Tavakol 2021, Emerging Trajectories for Next Generation Tissue Engineers

Materials of Human Origin for Tissue Engineering

Fig. 2. Schematic representation of pivotal factors (structural, mechanical,
biochemical and biological) involved in the design of biomaterials
(templates) for tissue engineering that coax cells to behave in the same or a
similar manner as their natural in vivo counterparts
Chen 2016, Advancing biomaterials of human origin for tissue engineering.
All references are available for you to download.

Fig. 12. Decellularized matrices from tissues (e.g., small intestinal submucosa (SIS)) or organs
(e.g., kidney, heart and liver) that have native-like extracellularmatrix (ECM) microstructures,
compositions and biomechanical properties (schematic is not to scale). These decellularized
ECMs may maintain the shapesof the original tissues and organs when used as scaffolding
materials in tissue engineering approaches for new tissue/organ regeneration.
Alternatively,decellularized matrices derived from tissues and organs can be made into
different types, such as a patch or particle, for tissue engineering scaffoldingbiomaterials or
can be designed as an injectable gel for cell culture substrates [477].

Synthetic & Natural Materials for Tissue Engineering

Fig. 1. Hydrogels can be fabricated using synthetic or naturally derived polymers.
Within the injectable hydrogel repertoire, many in situ forming gels such as shearthinning and small-scale gels have been developed. Cryogels are the only readily
available large-scale, preformed, and injectable macroporous hydrogels with shapememory properties, making them suitable for applications in tissue
engineering,cosmetics, cell/drug delivery, and immunotherapy. Abbreviations: PEG,
Polyethylene glycol; PHEMA,p oly(2-hydroxyethyl methacrylate); PNIPAAm,
poly(N-isopropylacrylamide).

Eggermont 2020, Injectable cryogels for biomedical applications

Figure 3.Cryogels Are Suitable Delivery Systems and Create a Confined Niche
for Several Biomedical Applications. The Interconnected macropores are an
ideal environment that allows cell attachment and
protection during
transplantation. Furthermore, the open macroporous structure facilitates
recruitment and trafficking of cells. Finally, the inherent properties of cryogels
promote neovascularization, stimulate native extracellular matrix formation,
and facilitate tissue integration.

Porous Tissue Constructs using Marine Sponges
A

B

Nguyen 2019, Unconventional tissue engineering materials in disguise

Figure 5. Porous Tissue Constructs Using Marine Sponges. (A) The
fabrication of porous tissue constructs. The process begins with an
initial biomaterial templating selection using a marine sponge.
These sponges naturally possess an anisotropic structure, which is a
valuable precursor for bone tissue engineering. The marine sponge
is a sacrificial biomaterial that is removed at the final step. (B)
Various scaffolds with distinctive physical properties were generated
using different species of marine sponges and bioactive glass (BG)
Spongia agaricina (BG-SA) and Spongia lamella (BG-SL). These
structures were compared with a scaffold generated using
polyurethane foam (BG-PU). Bars, 5 mm and 4 mm. Light
microscopy (LM) and scanning electron microscopy (SEM) reveal
the porosity found in these scaffolds. Each source of sponge yielded
a distinctive porosity profile in the resulting scaffold. Bars, 400 mm.
Adapted, with permission, from [48].

Human Teeth: Nature’s Design
Teeth figured heavily in the origin and early evolution of mammals
because of their role in supporting warm-bloodedness (endothermy).
Generating one’s own body heat has a lot of advantages, such as
enabling one to live in cooler climates and places with more variable
temperatures; allowing one to sustain higher travel speeds to maintain
larger territories; and providing stamina for foraging, predator
avoidance and parental care. But endothermy comes with a cost:
mammals burn 10 times as much energy at rest as reptiles of similar
size do. Selective pressure to fuel the furnace has fallen on our teeth.
Other vertebrates capture, contain and kill prey with their teeth.
Mammalian teeth must wring more calories out of every bite. To do
that, they must chew. Mammalian teeth guide chewing movements;
direct and dissipate chewing forces; and position, hold, fracture and
fragment food items. For teeth to function properly during chewing,
their opposing surfaces must align to a fraction of a millimeter. The
need for such precision explains why, unlike fishes and reptiles, most
mammals do not just grow new teeth repeatedly throughout life when
old ones wear out or break. Ancestral mammals lost that ability to
facilitate chewing. Enamel prisms are part of the same adaptive
package. Most researchers believe they evolved to increase tooth
strength to the level needed for chewing. Whether the prisms evolved
once or several times independently is a matter of some debate, but in
any case, the basic mammalian tooth structure—a dentin crown capped
by prismatic enamel—was in place in the Triassic period. The myriad
forms of mammalian molars, including ours, followed as mere tweaks
of the same general plan.
Ungr 2020, The trouble with teeth

Scaffolds

Design Principles in Scaffolds
In tissue engineering, a central concept is the application of a temporary biomaterial
scaffold at the defect site to facilitate healing that will provide some restoration of
functionality. If this scaffold is used to carry precursor cells or other features that may
induce a functional healing, the outcome potential may be further improved. In designing
such solutions for tissue repair and replacement, the parameters that define the scaffold must
be selected and optimized to provide the best possible outcome. If cells are to be used, this
adds further design (and regulatory) complexity.
Given the mechanical support functions that are defined for a specific clinical application
of a scaffold, together with the increasingly appreciated effect that mechanical parameters
can have on host response and cell behavior, selecting materials with suitable mechanical
parameters is usually the first step in scaffold design. Generally, metals and ceramics have
high stiffness and strength (Fig. 30.2A and B), as do many composite materials containing
these two major categories of biomaterials for scaffolding. Between the two, ceramics have
the disadvantage of the risk for brittle fracture.

FIGURE 30.2 (A, B) Ashby chart of strength versus modulus. The “strength” for metals is the 0.2% offset
yield strength. For polymers, it is the 1% yield strength. For ceramics and glasses, it is the compressive
crushing strength, roughly 15 times larger than the tensile (fracture) strength. For composites, it is the
tensile strength. For elastomers, it is the tear strength [22].
CFRP, carbon fiber-reinforced thermoplastic; EVA, ethylene(vinyl acetate); GFRP, glass fiber-reinforced
plastic; MOR, modulus of rupture; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PMMA, poly(methyl methacrylate); PP, polypropylene; PS,
phosphatidylserine; PTFE, polytetrafluoroethylene; WC, water cosolvent.
Zhu 2019, Design principles in biomaterials and scaffolds. Principles of Regenerative Medicine, Third Edition. https://doi.org/10.1016/B978-0-12-809880-6.00030-8

Design Principles in Scaffolds
In comparison, synthetic polymeric materials and naturally derived
materials are usually weaker in all major aspects. However, polymers and
naturally derived materials have lower densities; thus, the differences in
specific modulus and specific strength between them and metals and
ceramics are not as large. Because most human tissues have stiffness
values below the gigapascal range (Fig. 30.2C) [21], metals and ceramics
are commonly used in hard tissue replacements (bone and teeth) and
applications in which smaller scaffold dimensions are desired (e.g.,
coronary stents), whereas polymers and naturally derived materials are
more often used for soft tissue substitutes.

FIGURE 30.2 (C) Young’s, or elastic, modulus of tissues [21].
CFRP, carbon fiber-reinforced thermoplastic; EVA, ethylene(vinyl acetate); GFRP,
glass fiber-reinforced plastic; MOR, modulus of rupture; PA, phosphatidic acid;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PMMA, poly(methyl
methacrylate);
PP,
polypropylene;
PS,
phosphatidylserine;
PTFE,
polytetrafluoroethylene; WC, water cosolvent.
Zhu 2019, Design principles in biomaterials and scaffolds. Principles of Regenerative Medicine,
Third Edition. https://doi.org/10.1016/B978-0-12-809880-6.00030-8

A rabbit femur bone with
a missing section is held
in place with braces

The femur bone
is healed

The scaffold is slowly
infiltrated by new bone

Inserted polymer scaffold with
dimineralized bone particle (DBP)

The cells have their own blood
supply (red and blue vessels).

The scaffold ultimately gets
completely replaced

Professor Gilson Khang, Chonbuk National University, Korea

Injectable Hydrogels

Figure 6. Schematic illustration of injectable hydrogels
prepared by the Michael addition cross-linking method.

Figure 1. Schematic illustration of approaches
to make injectable hydrogels for cartilageand bone tissue-engineering applications.
Figure 5. Schematic illustration of injectable
hydrogels prepared by Schiff base crosslinking between aqueous solutions of GC and
poly (EO-co-Gly)-CHO.230

Figure 4. Schematic illustration of injectable
hydrogels prepared by the enzymatic crosslinking method with horseradish peroxidase
(HRP) and H2O2.
Liu 2017, Injectable hydrogels for cartilage and bone tissue engineering

Figure 7. Schematic illustration of injectable hydrogels
prepared by click chemistry.

Figure 8. Schematic illustration of injectable hydrogels
prepared bythe photo-cross-linking method.

Functional Semi-interpenetrating Polymeric Materials
Dai 2021, Living fabrication of functional semi-interpenetrating polymeric materials

Fig. 1 Conventional and living fabrication of semi-IPN. a A semi-interpenetrating polymer
network (sIPN) is defined as a linear or branched polymer in the presence of another crosslinked polymer. sIPN can be assembled by dissolving monomers (for the 2nd component)
in a crosslinked scaffold (the 1st component), before initiating polymerization. b Living
fabrication of sIPN using engineered bacteria. When encapsulated inside a polymeric
microcapsule (the 1st component, cross-linked), the engineered bacteria can undergo
autonomous lysis at a high local density. Lysis releases protein monomers that can react to
form the polymerized protein (the 2nd component, polymerized but not necessarily fully
crosslinked) inside the polymeric scaffold.
Fig. 2 Formation of living sIPN.
a Formation of protein complexes by elastin-like polypeptides (ELPs) monomers containing SpyTags and SpyCatchers released from engineered bacteria (top: schematic; bottom:
experimental data). ELPs decorated with multiple SpyTags or SpyCatchers released by the cocultured bacteria reacted to form covalent bonds in the supernatant. Overnight culture of
bacteria expressing proteins with multiple SpyTags (T, MC(T2- mCherry) or MC(T3)) and bacteria expressing proteins with multiple SpyCatchers (C, MC(C2) or MC(C3)) were co-cultured
in M9 medium containing 1 mM IPTG. After 24 h, the supernatant was harvested, purified by His-tag affinity resins and tested by SDS–PAGE. Compared with the monomers (left), all
four combinations between SpyTag and SpyCatcher generated protein complexes with higher molecular weight, indicating reaction occurred between monomers. The experiment was
repeated more than three times independently with similar results.
b Stronger mCherry signal inside living sIPN capsules containing compatible monomers released by engineered bacteria (top: schematic; bottom: experimental data). MC(T2-mCherry)
and MC (C3) were mixed, pelleted and encapsulated with chitosan. As a control, MC(C3) was replaced with MC(T3). The capsules were cultured in M9 medium containing 1 mM IPTG.
Due to the sIPN formation, the mCherry protein was immobilized inside the capsules, leading to strong fluorescence of the capsules but little in the surrounding medium (right). In the
control group, the mCherry protein was not trapped due to the lack of sIPN formation, and diffused out to the surrounding medium (left). The scale bar is 200 μm and the photos were
taken at 24 h. The experiment was repeated more than three times independently with similar results.

Unconventional Tissue Engineering Materials

Figure 1. These approaches can cover a plethora of
therapeutic and research areas including dermal, bone,
cardiac, muscle, neural, and vascular tissues.
Nguyen 2019, Unconventional tissue engineering materials in disguise

Figure 6. Biomimetic Protein Scaffolds from Tofu. (A) A schematic diagram illustrating the fabrication process
from soybean to tofu-based engineered scaffold. The scaffold was seeded with 3T3 cells and cultured in vitro. The
3D construct was also implanted into mice for in vivo testing, which did not elicit any significant immune
response, demonstrating biocompatibility with the host organism. (B) Scanning electron microscopy images that
reveal the porosity achieved in tofu and soybean protein scaffolds. As shown, similar physical properties were
achieved using two different soy-based derivatives. Bars, 20 mm. (C) A 40,6-diamidino-2-phenylindole (DAPI)
staining of 3T3 cells seeded on these scaffolds and live/dead staining of these tissue constructs. Blue arrows
indicate good cell morphology and white arrows point to dead cells shown in the assay after various time points in
culture. High cell viability and compatibility were achieved using these scaffolds. Bars, 50 mm. (A–C) Adapted,
with permission, from [54].

Conductive Biomaterials

Fig. 3. Synthetic methods of PLLA,
ACAT, and PUU copolymer.

Fig. 1. Schematic illustration of conductive biomaterials' fabrication,
forms and their application in muscle tissue repair.

Dong 2020, Conductive biomaterials for muscle tissue engineering

Fig. 4. Schematic sketch showing how
to construct the conductive injectable
hydrogel. TA-PEG is soluble in water
and the hydrogel can form in aqueous
solution. DNA-eNOs nanoparticles and
ADSCs are encapsulated inside this
hydrogel to treat myocardial infarction.

Stimuli-responsive Polymeric Materials

Fig. 1. Mechanical forces in our body and their transduction process into biological output. (A) Mechanical
stimuli found at the cell, tissue, and organ levelinside the body. (B) Mechanotransduction is the process by
which cells convert mechanical inputs into biological responses. Mechanotransduction ofteninvolves a
feedback process, and their mechanical environment is dynamic and complex [36].

Fig. 3. Stimuli-responsive polymeric materials for dynamic cell culture platforms. (A) Various external stimuli can
be utilized for dynamic biomaterials.By modulating chemical, physicochemical and mechano-structural properties,
dynamic cell culture platforms can be generated using these materials.(B) Schematic illustration of dynamic cell
culture platforms with: tunable matrix stiffness, variable caging-mediated ligand presentation, cleavageordesorption-mediated ligand presentation, and applicable forces or switchable topography [22].

Uto 2017, Dynamically tunable cell culture platforms
for tissue engineering and mechanobiology

Lignin
Lignin forms key structural materials in the support tissues of most plants.[1] Lignins are particularly important in forming cell walls,
especially in wood and bark, because of their rigidity and stability. Lignin is an amorphous biomacromolecule with a highly complex
structure. It is composed of three phenylpropane units of guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H). These structural units of
lignin are cross-linked mainly via aryl ether linkages viz. β−O−4′ and carbon−carbon linkages such as β−5′, β−β′, and 5−5′.

Lignin
• Antibacterial Activity, Antiviral Activity
• Antitumor Activity
• Anticoagulant and Antiemphysema Activity of LMW
Lignin
• Hypoglycemic Effect
• Hypolipidemic Effect.

Figure 3. (a) Wound healing status of a blank control group, chitosan−PVA hydrogel,
and chitosan−PVA−lignin hydrogel (lignin 10 wt %) at days 0, 5, 10, and 15.

Shu 2021, Biological Activities and Emerging
Roles of Lignin and Lignin-Based Products

Self-powered Electronic Skin
A breathable, biodegradable, antibacterial, and self-powered electronic skin based on all-nanofiber triboelectric nanogenerators
Mimicking the comprehensive functions of human sensing via electronic skins (e-skins) is highly interesting for the development of human-machine interactions and artificial intelligences.
Some e-skins with high sensitivity and stability were developed; however, little attention is paid to their comfortability, environmental friendliness, and antibacterial activity. Here, we report
a breathable, biodegradable, and antibacterial e-skin based on all-nanofiber triboelectric nanogenerators, which is fabricated by sandwiching silver nanowire (Ag NW) between polylactic-coglycolic acid (PLGA) and polyvinyl alcohol (PVA). With micro-to-nano hierarchical porous structure, the e-skin has high specific surface area for contact electrification and numerous
capillary channels for thermal-moisture transfer. Through adjusting the concentration of Ag NW and the selection of PVA and PLGA, the antibacterial and biodegradable capability of e-skins
can be tuned, respectively. Our e-skin can achieve real-time and self-powered monitoring of whole-body physiological signal and joint movement. This work provides a previously
unexplored strategy for multifunctional e-skins with excellent practicability.

Peng 2020, A breathable, biodegradable, antibacterial, and self-powered electronic skin

3D & 4D Bioprinting

3D Bioprinting
Matai 2020, Progress in 3D bioprinting technology for tissue-organ regenerative engineering

Fig. 1. Schematic figures showing the Bioprinting modalities. (A) Inkjet Bioprinting systems
including Thermal and Piezoelectric Drop-On-Demand (DOD) based mechanisms. (B) LaserAssisted Bioprinting system; Laser-Induced Forward Transfer mechanism. (C) Extrusion-based
Bioprinting systems including Pneumatic pressure, Piston and Screw assisted mechanisms. (D)
Acoustic Bioprinting system; a type of DOD mechanism. (E) Stereolithography Bioprinting
systems including SLA and DLP (Digital Light Processing) Laser-based mechanisms. (F) Magnetic
Bioprinting system; cells are shown within the culture media.

Fig. 2. In situ skin bioprinting prototype and gross examination of
printed skin in murine full-thickness excision wound repair.

Fig. 7. Biofabrication of the 3D in vitro air-blood tissue
barrier and examination of functional-structural relation of
the bioprinted constructs. (A) Main process unit of
bioprinter- BioFactory®, tool changer (1) with multiple
print heads and a building platform (2). (B) Schematic for
the bioprinting of two-cell layer barrier system at
predefined times. For the manual co-culture assembly, a
similar timeline is followed, however made manually, i.e.
by manually pipetting the ECM/cell layers.

3D Jet Writing of Mechanically Actuated Tandem Scaffolds

The need for high-precision microprinting processes that are controllable, scalable, and
compatible with different materials persists throughout a range of biomedical fields.
Electrospinning techniques offer scalability and compatibility with a wide arsenal of
polymers, but typically lack precise three-dimensional (3D) control. Charge reversal
during 3D jet writing can enable the high-throughput production of precisely
engineered 3D structures. The trajectory of the jet is governed by a balance of
destabilizing charge-charge repulsion and restorative viscoelastic forces. The reversal
of the voltage polarity lowers the net surface potential carried by the jet and thus
dampens the occurrence of bending instabilities typically observed during conventional
electrospinning. In the absence of bending instabilities, precise deposition of polymer
fibers becomes attainable. The same principles can be applied to 3D jet writing using
an array of needles resulting in complex composite materials that undergo reversible
shape transitions due to their unprecedented structural control.

Moon 2021, 3D jet writing of mechanically actuated tandem scaffolds

3D Printable Elastomers
3D printing elastomers enables the fabrication of many technologically important structures and devices such as tissue scaffolds, sensors, actuators, and soft robots. However,
conventional 3D printable elastomers are intrinsically stiff; moreover, the process of printing often requires external mechanical support and/or post-treatment. The selfassembly of a responsive linear-bottlebrush-linear triblock copolymer can create stimuli-reversible, extremely soft, and stretchable elastomers for their applicability as inks
for in situ direct-write printing 3D structures without the aid of external mechanical support or post-treatment. The elastomers are thermostable and remain to be solid up to
180 °C, yet they are 100% solvent-reprocessable. Their extreme softness, stretchability, thermostability, and solvent-reprocessability bode well for future applications.
Solvent-reprocessable elastomers were developed by exploiting the self-assembly of linear-bottlebrushlinear (LBBL) triblock copolymers. In an LBBL triblock copolymer, the linear blocks are a polymer of
relatively high glass transition temperature Tg, whereas the middle block is a bottlebrush polymer with a
linear backbone densely grafted by low Tg linear polymers (Figure 1a). At room temperature, the triblock
copolymer microphase separates to a network structure, in which cross-links are spherical hard glassy
domains formed by the high Tg end blocks, whereas the soft elastic network strands are the low Tg
bottlebrush polymer (Figure 1b). Above the melting point of the end blocks or in the presence of solvents,
the glassy domains can dissociate such that the solid network becomes liquid-like. Therefore, it is expected
that such a stimuli-triggered solid-to-liquid transition allows the physically crosslinked elastomers for
direct-write 3D printing (Figure 1c). Polydimethylsiloxane (PDMS) and poly(benzyl methacrylate)
(PBnMA) were used as the two polymer species to create the linear-bottlebrush-linear ABA triblock
copolymer (Figure 1d).

Figure 1. Design concept and synthesis of 3D printable, reversible, ultrasoft, and stretchable elastomers. (a)
Schematic of a responsive linearbottlebrush- linear triblock copolymer. (b) At low temperature, the middle
bottlebrush blocks (blue) act as elastic network strands, whereas the high Tg end linear blocks aggregate to
form spherical glassy domains. (c) Glassy domains dissociate at high temperature or in the presence of
solvents, resulting in a solid-to-liquid transition of the network. The stimuli-triggered reversibility allows
the elastomers for direct-write 3D printing. (d) Synthesis of linear-bottlebrush-linear triblock copolymers
using ARGET ATRP. The side chain of the middle bottlebrush block is linear polydimethylsiloxane
(PDMS), whereas the end blocks are linear poly(benzyl methacrylate) (PBnMA). A bottlebrush-based
triblock polymer is denoted as BnMAy-b- PDMSx w-b-BnMAy, in which y is the number of repeating
BnMA units, x is the number of PDMS side chains per bottlebrush, and w represents theMW of PDMS side
chains in kg/mol. The weight fraction of the end blocks in the triblock copolymer is kept below 6% to
ensure that the bottlebrush-based ABA triblock copolymers self-assemble to a sphere phase.

Figure 3. Direct-write printing soft elastomers to create deformable 3D structures. (a) 3D printed UVA
initials with a stack thickness of 2 mm. Upper: bird’s eye view; lower: side view. (b) Free-standing, 3D
printed letter “A”. (c) 3D rendering of a cubic gyroid (left) and the corresponding printed product with
dimensions 10 × 10 × 10mm3 (right).

Nian 2021, Three-dimensional printable, extremely soft, stretchable, and
reversible elastomers from molecular architecture-directed assembly

3D-Printed Tissue Engineering: Print your own body parts

The 3D-printed model of a lungmimicking air sac

Bagrat Grigoryan, a bioengineer at
Rice University, oversaw the
development of a 3D-printing
technique that’s capable of building
functioning vascular structures
RESPIRATORY SYSTEM

Synthetic organs suitable for transplant could be ready in as little as two decades (JASON
GOODYER)
The image on the left shows a 3D-printed model of a lung-mimicking air sac complete with
airways capable of delivering oxygen to surrounding blood vessels. It was made by a team of
researchers in the US by gradually building up layers of hydrogel, a synthetic, jelly-like material
that shares many features with human tissue.
The same technique could be used for creating complex, entangled vascular networks that
mimic the body’s passageways for blood and other vital fluids, potentially opening up a means of
bioprinting human organs for transplant, the researchers say.
The work was led by Rice University’s Jordan Miller and the University of Washington’s
Kelly Stevens, along with collaborators from Duke University, Rowan University and Nervous
System, a design firm in Somerville, Massachusetts. Dubbed ‘Stereolithography Apparatus for
Tissue Engineering’, or SLATE, Miller and Stevens’s technique works by building up layers of a
liquid pre-hydrogel solution that become solid when exposed to blue light. It can produce soft,
3D structures made from water- based, biocompatible gels with intricate internal architecture in
minutes.
In tests, the 3D-printed air sac was sturdy enough to avoid bursting as blood flowed through it
and was able to take in and expel air at the pressures and frequencies of human breathing. It was
also found that red blood cells could take up oxygen as they flowed through a network of blood
vessels surrounding the air sac – a process similar to the gas exchange that occurs in the lungs.
FROM THE LUNGS TO THE LIVER
The researchers are already using the new technique to explore more complex structures and
have successfully transplanted 3D-printed tissues loaded with primary liver cells into mice with
chronic liver injury.
“The liver is especially interesting because it performs 500 functions – second only to the
brain,” Stevens said. “The liver’s complexity means there is currently no machine or therapy that
can replace all its functions when it fails. Bioprinted human organs might someday supply that
therapy.”
There are currently around 6,000 people waiting for organ transplants in the UK alone.
Bioprinted organs could not only help meet this need but, as they can be printed using a patient’s
own cells, they could also greatly reduce the possibility of organ rejection. “We envision
bioprinting becoming a major component of medicine within the next two decades,” Miller said.
BBC SCIENCE FOCUS MAGAZINE COLLECTION p. 91

3D-Printed Tissue Engineering
With the dawning of 3D printing, tissue engineering also
moved to exploiting the technology. 3D printing devices
are relatively cheap, and readily available. It is a great
tool to make tailor-made tissues and organs.

Intraoperative Bioprinting
Intraoperative bioprinting (IOB): a bioprinting process that is performed on a live subject during the
course of a surgical operation, in which defect imaging, data processing, process planning, and
bioprinting are performed consecutively in a single process.

Figure 1. Examples for Intraoperative Bioprinting (IOB).
(A) IOB using the biopen for treatment of a full-thickness chondral defect in a
sheep; adapted, with permission. (B) Laser-based IOB for skull repair in a
mouse calvarial defect; adapted, with permission. (C) Droplet-based IOB for
skin repair in a porcine model.
Wu 2020, Intraoperative bioprinting

Figure 2. Conceptual schematic diagram of (A) IOB in a surgical setting, and (B) the
regeneration of composite tissues in a stratified manner. In the case where blood
vessels are retained in host tissue; they can be relocated (left) prior to the deposition
of layer-specified bioinks containing different cell types (right).

4D-Printing
Recent advances in additive manufacturing
(AM), commonly known as three-dimensional
(3D)-printing, have allowed researchers to create
complex shapes previously impossible using
traditional fabrication methods. A research
branch that originated from 3D-printing called
four-dimensional (4D)-printing involves printing
with smart materials that can respond to external
stimuli. 4D-printing permits the creation of ondemand dynamically controllable shapes by
integrating the dimension of time.

Figure 2. Classes of smart materials that can respond to different types of
stimulus including heat, moisture, light, electricity, and magnetic fields.
Zhang 2019, Developments in 4D-printing- A review on current smart materials, technologies, and applications

4D-Bioprinting Technologies

Figure 4. Brain organoid-on-a-chip model of
cortical folding. (a) Schematic of neural organoidon-a-chip system where the organoid is
compressed between a coverslip and a media
permeable membrane.

Figure 5. A 4D printed thermally sensitive natural
soybean oil epoxidized acrylate (SOEA) constructs
developed in our lab. (a) A tandem photolithographystereolithography process to fabricate heart-shaped
constructs from novel soybean oil epoxidized acrylate.
(b) Schematic illustration of the 4D shape memory
process triggered by temperature

Esworthy 2019, Advanced 4D-bioprinting technologies for brain tissue modeling and study

4D-Bioprinting Technologies

Figure 2. Surface swellability leads to different cortical folding patterns. (a)
Sinusoidal folding occurs when the upper layer (gray matter) is stiffer than the
lower layer (white matter) of a growing bi-layer cortical model. (b) Cupsed
(cusped?) folding occurs when the upper layer is softer than the lower layer. (c)
Distinctive gyri and sulci arise when both the upper and lower layers have similar
stiffnesses. (d-f) show the folding patterns of bi-layer gels which arise from
differential swelling. The resultant patterns demonstrate the sinusoidal, cupsed,
and gyri/sulci folding predicted by (a)-(c) respectively. (g) Elastomer model of the
brain folding constructed by making a core hemisphere of radius (r) which has a
shear modulus of (μ0c). The hemispheric core is coated in a thin layer of polymer
with a thickness (T0) which exhibits a shear modulus of (μ0t). The top and core (or
upper and lower) layers have a combined radius (R). The completed model is then
submeregd in solvent and allowed to swell for time (t). When the moduli of both
the top and core layers are similar (moduli ratio μt/μc ≈ 1) the distinct gyri/sulci
folding pattern from (c) arises.
Esworthy 2019, Advanced 4D-bioprinting technologies for brain tissue modeling and study

Fig. 4. Examples of different types of surface morphologies
observed on microparticles depending on the formulation and/or
processing parameters.

Park 2021, Formulation composition, manufacturing
process, and characterization of PLGA microparticles

Cell Encapsulation & Cell Therapy

Cell Delivery (Encapsulated Cell Transplantation)
“A living drug delivery system to replace a single cell type or to produce appropriate amounts of a particular biochemical product”
Target Diseases
Islets for diabetes treatment
Parathyroid tissue for hypoparathyroidism
Growth hormone secretion for the treatment of pituitary dwarfism
Hepatocytes for liver disease
Bovine adrenal chromaffin cells for the treatment of chronic pain
Factor IX secretion for the treatment of hemophilia B
PC12 cells and bovine chromaffin cells for Parkinson’s disease
Genetically modified rat fibroblast or baby hamster kidney cells to release
nerve growth factor for the treatment of Alzheimer’s disease and
Huntington’s disease
Genetically modified baby hamster kidney cells to secrete glial cell-linederived neurotropic factor

Cell stimulating polymer
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membrane
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Shielding the cell from immune attack by plastic membrane
(Michael J. Lysaght and Patrick Acbischer)

Cell Macroencapsulation
Type 1 diabetes (T1D) is characterized by the autoimmune destruction of
pancreatic β cells and it burdens millions worldwide. T1D patients typically
require the life-long administration of insulin. Islet transplantation for type 1
diabetes treatment has been limited by the need for lifelong
immunosuppression regimens. This challenge has prompted the development
of macroencapsulation devices (MEDs) to immunoprotect the transplanted
islets. A macroencapsulation device (MED) acts as a bioartificial pancreas
and can immunoprotect encapsulated β cells. While promising, conventional
MEDs are faced with insufficient transport of oxygen, glucose, and insulin
because of the reliance on passive diffusion. Hence, these devices are
constrained to two-dimensional, wafer-like geometries with limited loading
capacity to maintain cells within a distance of passive diffusion. However,
conventional MEDs suffer from limited, cell-loading capacity and slow,
glucose-stimulated insulin secretion (GSIS) because of the sole reliance on
diffusion.
A convection-enhanced MED (ceMED) was developed to afford 3D capsule
geometry for maximized cell loading and faster GSIS driven by convection.
Convective transport improves nutrient delivery throughout the device and
affords a three-dimensional capsule geometry that encapsulates 9.7-fold-more
cells than conventional MEDs. Transplantation of a convection-enhanced
MED (ceMED) containing insulin-secreting β cells into immunocompetent,
hyperglycemic rats demonstrated a rapid, vascular-independent, and glucosestimulated insulin response, resulting in early amelioration of hyperglycemia,
improved glucose tolerance, and reduced fibrosis.
In order to validate the effectiveness of a flow-based convection at a
controlled flow rate, a syringe pump was used.

Yang 2021, A therapeutic convection–enhanced macroencapsulation device for enhancing β cell viability and insulin secretion

Microfabrication by Simultaneous Two PDMS Molds Replication
ABSTRACT: Not very far away, “tissue engineering” will become one
of the most important branches of medical science for curing many types
of diseases. This branch needs the cooperation of a wide range of
sciences like medicine, chemistry, cellular biology, and genetic and
mechanical engineering. Different parameters affect the final produced
tissue, but the most important one is the quality and biocompatibility of
the scaffold with the desired tissue which can provide the functionality
of “native ECM” as well. The quality of the scaffold is directly
dependent on its materials, design, and method of fabrication. As to the
design and fabrication, there are two main categories: (a) random
microporosity such as phase separation, electrospinning, and fused
deposition modeling (3D printing) and (b) designed microporosity
mostly achievable by stereo lithography and soft lithography. The
method of fabrication implemented in this research is a novel method in
soft lithography employing a type of “replica molding” with one pair of
polydimethylsiloxane (PDMS) molds in contrast to traditional replica
molding with just one single mold. In this operation, the solution of
polycaprolactone in chloroform is initially prepared, and one droplet
of the solution is placed between the molds while a preset pressure is
applied to maintain the molds tightly together during the solidification
of the polymer layer and vaporization of the solvent. Thus, a perfect
warp and woof pattern (threads running lengthwise and threads
running crosswise) is created. In this research, it has been approved that
this is a feasible method for creating complex patterns and simple
straight fiber patterns with different spacings and pore sizes. Cell
attachment and migration was studied to find the optimum pore size. It
was shown that the small pore size improves the cells’ adhesion while
reducing cell migration capability within the scaffold.
Figure 10. Process of replica molding of the polymeric layer between the two segment PDMS mold including
the designed fixture. (a) Drying fixture top and side views. (b) Pouring the polymer solution and closing the
fixture. (c) Removing excess polymer. (d) Removing the top PDMS platen starting form one corner. (e)
Applying a 2 mm squeeze to pressurize the PDMS segments. (f) Peeling off the casted polymeric layer.
Najafi sani 2021, A microfabrication method of PCL scaffolds for tissue engineering by simultaneous two PDMS molds replication

Cell Therapy / Tissue Engineering Therapy
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Fig. 3. Thermoresponsive materials for harvesting cells without cell damage. Thermoresponsive materials release cells when temperature is reduced. These materials
are designed using copolymers to tune the LCST or other physical properties.

Chen 2020, Biomaterial-assisted scalable cell production for cell therapy

Vascularization of Tissue-Engineered Skeletal Muscle Constructs

Fig. 1. Skeletal muscle structure. 1. Bone, 2. Tendon, 3. Muscle, 4.
Epimysium, 5. Artery (red), vein (blue), nerve (yellow), 6.
Fascicle, 7. Perimysium, 8. Nerve, 9. Pericyte 10. Sarcoplasmic
reticulum, 11. Satelite cell, 12. Sarcolemma, 13. Myofibril, 14.
Muscle cell nucleus 15. Capillary 16. Endomysium [46].

Fig. 2. Pre-vascularization strategies of tissue-engineered constructs. (a) In the pre-vascularization through
angiogenesis, a construct with target cells (yellow) is implanted in a bioreactor site in vivo allowing for
angiogenesis. Through angiogenesis and ingrowth of host vessels (dark red) the construct is provided by blood
vessels. Upon transplantation of the prevascularized construct in a host recipient site, a new implantation site or
animal, connection between the preformed blood vessels (dark red) and host vessels (orange) takes place. (b) In the
pre-vascularization through vasculogenesis, vascular networks are formed in vitro by de novo formation of vascular
networks by endothelial cells (bright red). Upon implantation in the host recipient site, preformed networks (bright
red) connect with host vessels (orange), providing perfusion through the whole construct.

Gholobova 2020, Vascularization of tissue-engineered skeletal muscle constructs

How to Grow Blood Vessels

Discover, Jan/Feb 2015

How to Grow Blood Vessels

Figure 2. Advancement of Omnidirectional 3D Printing: From Yield Stress
Fluids to Suspension Media. (A) Omnidirectional printing in a non–selfhealing yield stress fluid. (Top) Schematic for 3D-printed vascular network
using a removable ink. (Bottom) A fluorescence image of a 3D
microvascular network fabricated via omnidirectional printing of a fugitive
ink (dyed red) within a photopolymerizable Pluronic F-127–diacrylate
matrix. Scale bar, 10 mm. Reproduced from [13]. (B–F). Omnidirectional
printing in suspension media. (B) Miniature Russian dolls printed in a
granular suspension medium [2]. Reproduced from the indicated reference,
licensed under Creative Commons 4.0 (CC 4.0) series. (C) Printed filament
of a fluorescein-labeled ink (in green) surrounded by a continuous spiral
structure (in red), printed with a rhodamine-labeled ink [5]. Scale bar, 200
μm. (D) Continuous knot written with fluorescent microspheres in a
granular suspension medium. Reproduced from [2]. (E and F). Human brain
model 3D-printed in an alginate suspension media. Scale bar, 1 cm. [3].
Reproduced from the original, licensed under Creative Commons
Attribution 4.0 International (CC BY 4.0).

McCormack 2019, 3D printing in suspension baths

Figure 3. Suspension Media Used as a Strategy to Aid Better Biomimicry in the 3D-Bioprinting Field. (A)
Overview of the 3D-printing pathways that can be followed when printing in a suspension medium. (Top)
Pathway is defined by removal of the medium after printing. Suspension medium provides mechanical stability
to printed ink while crosslinking of the ink takes place (e.g., by exposing the embedded ink to ultraviolet light).
The medium is subsequently removed in order to extract the printed construct. (Bottom) Pathway is defined by
retention of the medium after printing. Following deposition of a sacrificial ink, the medium is crosslinked to
form a single construct. In this crosslinked state, the medium has lost its ability to flow. The sacrificial ink can
then be extracted, such as with a syringe needle, leaving behind hollow channels embedded within the construct.
(B1) Writing of sacrificial ink within an embryoid body suspension medium [27]. Reproduced from the original,
licensed under Creative Commons Attribution 4.0 International (CC BY 4.0). (B2) Row 1: Singular organ
building block. Scale bar, 50 μm. Row 2: Cross-section of channel printed in an embryoid body suspension
medium following removal of the sacrificial printed ink. Scale bar, 500 μm [27]. Reproduced from the original,
licensed under CC BY 4.0. (C1 and C2) Example of a highly branched tubular network printed in a Carbopol
suspension medium where (C2) is the structure freed from the media [2]. Reproduced from the original, licensed
under CC BY-NC 4.0.

Tissue Regeneration

Fixing Broken Skin
The process of growing healthy, viable and gra able
skin using a genetically altered virus
A virus carries a working version of the LAMB3
gene into the skin cells
Altered cells are used to cultivate sheets of skin that
are grafted onto the patient
Viable skin cells taken from patient

Sheets of genetically modified skin cells
can be cultivated to match a patient and
bypass the problem of their body
rejecting the graft.

New medical techniques can help mend our outer membranes
Skin is at the forefront of many revolutions in modern medicine. New medications
containing antibodies that target specific molecules – known as monoclonal antibodies –
are incredibly ffective at treating autoimmune and in ammatory diseases. These have
transformed the treatment of moderate to severe psoriasis, which soon may be a thing of
the past, and new monoclonal antibodies for eczema are looking very promising. Recent
leaps in the understanding of our skin’s microbiome are also opening up new avenues of
treatment, such as the research that suggests underarm bacterial transplants could be the
cure for body odour.
Remarkably, one recent case involving a seven-year-old Syrian immigrant called
Hassan, living in Germany, shows the skin as the laboratory for two emerging fields
poised to revolutionise medicine: stem cell therapy and gene therapy. Hassan was born
with a genetic condition called epidermolysis bullosa, caused by a mutation in the
LAMB3 gene, in which the proteins that tightly anchor the epidermis to the dermis are
missing. A shearing force as light as twisting a door handle would rip o the epidermis of
his hand, causing immense pain and breaking the all-important barrier, le ing water out
and microbes in.

The only viable skin left on Hassan’s body clung to his face, left thigh and a few patches on his trunk. In this state, he didn’t have long to
live. Almost half of the children with this condition never make it to adolescence. But in 2015 a team from University of Modena and
Reggio Emilia, Italy, took some of his skin cells, infected them with a virus that contained a healthy version of the LAMB3 gene, and grew
nine square feet of this renewed skin in the lab. They replaced his skin in two operations and, amazingly, when the study was published, two
years a er this experimental operation, Hassan’s skin was still completely intact. The stem cells incorporated in the new skin were producing
fresh, healthy skin cells for perpetuity.
BBC SCIENCE FOCUS MAGAZINE COLLECTION p. 41

Immortal Man by Year 2045

Biomask Regeneration System

Recipes for Limb Renewal
Salamanders and other creatures that regrow lost body parts provide clues for ways to regenerate human
limbs (Sophie L. Rovner)
BODY ELECTRIC By inducing
expression of a particular
potassium ion channel in this
tadpole, Levin’s team altered its
bioelectrical signaling, enabling it
to grow multiple arms.

REGENERATION FERTILIZER A mouse can regrow an amputated digit tip, but if
enough of the digit is removed—as shown in the image at left, in which the black bar
indicates the line of amputation—the digit won’t grow back. However, Muneoka found
that treating such an amputation site with bone morphogenetic proteins enables a
mouse to grow a replacement tip (right). In these images, captured with a dissecting
microscope, bones are stained red and surrounding tissue appears clear. The triangular
bone on the right is 1–2 mm long.
http://pubs.acs.org/cen/science/88/8831sci1.html

REGENERATION CHAMPION
Salamanders, including this
Notophthalmus viridescens
specimen, can regrow lost limbs
multiple times.

Long-term Limb Regeneration and Functional Recovery

Murugan 2022. Acute multidrug delivery via a wearable bioreactor facilitates long-term limb regeneration and functional recovery in adult Xenopus laevi

Fully Regrown after 100 Days

My Octopus Teacher (Netflix 2020)
A filmmaker forges an unusual friendship with an octopus living in a South African
kelp forest, learning as the animal shares the mystery of her world (1:05:34)

The Two Faces of Angiogenesis
Vessel overgrowth can contribute to a variety of diseases
that could be treatable with angiogenic inhibitors.

Problems of Extra
Blood Vessels

Proangiogenic agents can
stimulate vessel development
to treat certain diseases.

Benefit of Extra
Blood Vessel

The Thalidomide Incidence

Thalidomide’s horrifying effects on newborns
became known in 1962.
Distribution of two million tablets by Merrell for
investigational use.

Frances Kelsey: Medical officer at FDA Refusal to
allow NDA of thalidomide based on insufficient
safety data.

Vascularization of Tissue-engineered Skeletal Muscle Constructs

Fig. 1. Skeletal muscle structure. 1. Bone, 2. Tendon, 3. Muscle,
4. Epimysium, 5. Artery (red), vein (blue), nerve (yellow), 6.
Fascicle, 7. Perimysium, 8. Nerve, 9. Pericyte 10. Sarcoplasmic
reticulum, 11. Satelite cell, 12. Sarcolemma, 13. Myofibril, 14.
Muscle cell nucleus 15. Capillary 16. Endomysium.
Gholobova 2020, Vascularization of tissue-engineered skeletal
muscle constructs

Fig. 2. Pre-vascularization strategies of tissue-engineered constructs. (a) In the pre-vascularization through
angiogenesis, a construct with target cells (yellow) is implanted in a bioreactor site in vivo allowing for angiogenesis.
Through angiogenesis and ingrowth of host vessels (dark red) the construct is provided by blood vessels. Upon
transplantation of the prevascularized construct in a host recipient site, a new implantation site or animal, connection
between the preformed blood vessels (dark red) and host vessels (orange) takes place. (b) In the pre-vascularization
through vasculogenesis, vascular networks are formed in vitro by de novo formation of vascular networks by
endothelial cells (bright red). Upon implantation in the host recipient site, preformed networks (bright red) connect
with host vessels (orange), providing perfusion through the whole construct.

Stem Cells

Gara 2019, Stem cell therapy to treat heart failure

Pumping Heart Patch
A net of stem cells to graft over the damaged area and support the process of regeneration.

Stem Cells
Research on tem cells was a sensational topic for a while, as stem cells showed a potential to revolutionize the entire medicine. Then, the
dream was bursted by a scientist who fabricated the data on his stem cell research. This made a full stop to the stem cell research throughout
the world.

BusinessWeek, Jan 23, 2006

BusinessWeek, Jul. 18, 2005

Embryonic Stem Cells
Grow your own eye: biologists have
coaxed cells to form a retina, a step
toward growing replacement organs
outside the body.
Sasai, Y. Scientific American 307(5):
44-49. November 2012.

Haematopoietic Stem Cells

The interchangeable stem cell hypothesis: Primitive stem cells may exist within the bone
marrow that are capable of homing to tissues that need repair or regeneration (solid lines).
Likewise, progenitor cells from an adult organ, such as liver, may act as a source of
regeneration-competent cells for another tissue, including the bone marrow (dotted lines).

Keeping Cells Alive
Cells are an essential component in tissue engineering. Cells may not be available when necessary. For this reason, cells
may have to be frozen until use. Frequently cells die during freezing and thawing processes.
Stem cells are an ideal choice for any tissue engineering, although we still have to understand more how to make them
grow into specific cell types for certain tissues and organs.

Image prepared by Catherine Twomey for the National Academies, Understanding
Stem Cells: An Overview of the Science and Issues from the National Academies,
http://www.nationalacademies.org/stemcells.

Reprogramming Cells

Cloning

Creation of Adam

The Creation of Adam by Michelangelo Buonarroti

Creation of Life
Synthetic biology remakes organisms, but can it bring inanimate matter to life?
Biello 2010, Creation of life (David Biello, Scientific American, June 2010, p. 42)

Cloning History
• February 1997—the first cloning of a mammal, Dolly the sheep, from an
adult body cell is announced.
• March 1997—President Clinton bans federal funding of human-cloning
research.
• 1998–2000—Researchers clone mice, calves, goats, and pigs. A bull is
“recloned” from a cloned bull.
• April 2000—Scientists find that cloning can restore body cells to a
youthful state.
• October 2001—The first cloned human embryos are created at Advanced
Cell Technology Lab in Worcester, MA

Jurassic Ark

Make Your Own Bank of Organs through Cloning
If you clone yourself, you will have another you. When you need a fresh organ, you can have it from your clone.
This is the main story of the movie, The Island.

There is a fiction book about cloning a human. Klone in the book title is the name of
the clone of the main character of the book. The cloned you may do the job for you
when you are so busy. Your productivity will increase and you can be at different places
at the same time, because your clone is you. But the truth is that your clone is not you.
Your clone is another human being.

