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Signaling and biomolecule delivery in Tissue Engineering

Hi everyone. Today, we will be speaking about biomolecule delivery for cell signaling in
Tissue Engineering.
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The tissue engineering triad

cells |* Stem cells
+ Co-culture

Tissue

+ Chemical
+ Mechanical signals
* Electrical signals

* Natural engineering
+ Synthetic

Scaffold Signals
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We know that tissue engineering triad is composed of cells, scaffolds, and signals.
Signals will be the aspect we will be focusing on today.



(Refer Slide Time: 00:37)

Cell Signalling

‘A signal is a function that conveys information
about the behavior or attributes of some
phenomenon’

ISBN 9813103752

So, what are signals? Signal is a function that conveys information. In a cell, every

activity and function is controlled by signals.
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Cell Signalling

+ Cell signalling is used to respond to the environment - all
critical activities are dependence on it

+ Was essential for the evolution of multicellular organisms

+ Ability to precisely control delivery of growth factors
would potentially allow control over regeneration process

* 3 Types of signals

+ Chemical = Growth factors, mitogens and
morphogens

* Mechanical
* Electrical

The signaling is used to communicate with other cells and also from the environment the
cell takes in signals. This was essential for multicellular organisms to evolve. So, it is a
very crucial aspect, especially in tissue engineering. The ability to control the signals
would entirely give us complete control over making a tissue grow in the way that we

want because that is what is naturally being carried out by the organism itself.



The three kinds of signals which are present are chemical, mechanical, and electrical.

When it comes to chemical signals, there are growth factors, mitogens, and morphogens.

(Refer Slide Time: 01:26)

Growth factors

* Range of proteins or steroids, usually
* Helps in proliferation, growth and differentiation of cells
* Endogenously produced

* Acts as signalling molecule between cells (hormones,
cytokines) t
Note:
The term “Growth factor ™ Is at times used interchangeably with the term,
“cytokines” But they are not necessarlly the same
Growth factors - implies a positive effect on cell-growth D
Cytokine- could have positive, negative or neutral effect on cell growth v

In Tissue engineering, the term "Growth factor” Is used broadly to mean
proteins that affects cell migration, proliferation and cellular diff

Growth factors are small soluble proteins that are produced by the cells itself, and they
act as signaling molecules between cells like hormones and cytokines. They help in

proliferation, growth, and differentiation of cells.

Something to note here would be that growth factor is a term that is frequently confused
with cytokines. What is important to notice that growth factors usually always imply a
positive effect on cell growth, whereas cytokines can have a neutral or positive or
negative effect on cell growth. The reason for both of them to have an overlap in
terminologies because cytokines derived from the immunology field, whereas growth

factors derived from the developmental biology field.

So, there were many proteins that are found to be having the same function in both
fields. In tissue engineering, we would be referring to growth factors to refer to all the

proteins which affect cell growth, migration, proliferation.
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Mitogens and Morphogens

* Mitogens - usually proteins that initiate cell division

* Morphogens - control generation of tissue form (conc.
gradient)

* Mitogens and Growth factors could be confused to have
the same effect at times \

* In some cells cell growth regulates cell division (mammalian
fibroblasts)

+ Some growth factors are capable of acting as
mitogens/morphogens too (VEGF/BMP)

+ Some growth factors can trigger mitogen release - indirectly
initiating cell division

+ Whether cell growth and cell division are coordinated

seems to depend upon the wiring signaling pathways.

http://medcell. med.yale.edu/lectures/cell_growth_control.php

So, even mitogens and morphogens, we would broadly call them as growth factors.
Mitogens are usually proteins that initiate cell division, whereas morphogens control the
generation of tissue form; that is the structure that it takes. So, it ends up having a
concentration gradient. Based on the concentration gradient, the tissue ends up taking its

form.

Mitogens and growth factors could be confused to have the same effect too at times
because sometimes growth and cell division are interlinked. In mammalian fibroblasts,
for example, cell growth regulates the cell division. Also, at times, the growth factors
would activate the mitogens, thereby indirectly initiating cell division. Sometimes

growth factors can be a mitogen or morphogen like VEGF and BMP.

There is some level of overlapping between them. So, it all depends on how the cells are
wired. Based on that, the growth and proliferation could be interlinked or to an extent or

not.
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Why use growth factors?

* There is an obvious advantage to using engineered
tissues to non-biological materials (for e.g. to treat
burn wounds)- Cells secrete growth factors

* When non biological implants, without cells are
used(e.g.: Bioactive glass as bone implants)

* The cells in scaffolds can produce growth factors by
itself, then why add additional growth factors to
tissue?

+ Enhances regeneration (e.g.: TGF-B in bone regeneration)
+ Enhance differentiation (e.g.: BMPs - osteoinduction)

https://doi.org/10.1016/)jmbbm,2018.12.012
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Now the question is, why do we use growth factors? We can always see in tissue

engineering that there is an advantage to using biological materials like a cell for treating

a disease. Having a cell in the scaffold ends up meaning that the cells are able to produce

these growth factors and proliferate the cells and improving the healing time. There are

also constructs in which we do not use cells. Even here, the growth factors are important

because you want the cells to migrate to the site of the wound and end up healing the

area.

Now, a question would be. If we can use cells, then why use growth factors separately?

When we are using cells, it will be useful to add growth factors because it can enhance

the regeneration and also the differentiation. An example is TGF-B in bone regeneration

and BMPs in osteoinduction.
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How growth factors act {5,

+ Signalling molecules bind to target

“

cell receptors and activate a

intracellular signal transduction system
+ Growth factors don’t act in endocrine
fashion - low half life and slow diffusion

+ The complexity of this interaction can vary
* One growth factor may activate multiple receptors
* Each growth factor can have varying effects on different cell
types

i ,
* External factors - ECM, Target cell location, Growth factor
) ‘l
doi:10.1098/r5if.2010.0223 i

concentraton
Now on how these growth factors act. Like all signaling molecules, these growth factors
bind to specific receptors on the cell surface, and they activate the intracellular signal
transduction system and thereby attacks. The growth factors do not act in an endocrine
fashion because it has a very low half-life usually. So, it's not usually released into the

bloodstream to act on far off organs or tissues. So, its usually in a local area.

Now, the complexity of this growth factor interaction can vary with the receptor. One
growth factor might activate multiple receptors at times, and also it can activate multiple
receptors on different cells and end up having a different effect on each of these cells.
And something which adds to this complexity level is the fact that the ECM, the target
cell location, the concentration of the growth factor, all these play a huge role in how the

growth factors act.
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Growth factor families
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Now, this is an image of the common growth factor families that show the receptor and
the function. Here, you can see that the first growth factor, for example, the epidermal
growth factors, it acts as a mitogen at the same time for ectodermal and mesodermal cells
and also promotes proliferation. This is for epithelial cells.

So, this goes to show how growth factors can actually have a lot in common with
mitogens and morphogens and also at the same time have a different effect on different

cell types.
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Clinical application of growth factors

* After chemotherapy - low WBC counts (G-CSF)

+ Before stem cell transplant - Induce stem cell
proliferation(GM-CSF)

+ Alleviating anaemia ~ low RBC count (erythropoietin)
* Thrombocytopenia ~low platelet count (Oprelvekin)

DOI: 10.1309/HNTM-ELUV-AVIG-MALP * ‘ f



Now, in clinical applications, growth factors are not limited to just tissue engineering.
So, we will take a look at what the other applications commonly have been used for.
After chemotherapy, when there is a low white blood cell count, the granulocyte colony-
stimulating factors are given to increase the WBC proliferation and get back the count to

normal.

And even before stem cell transplant usually, those stem cells are taken from the bone
marrow. In that case, it's a painful process to take it from the bone marrow. So, an
improved technique is actually to give growth factor which induces the stem cells to

proliferate and thereby come out of the bone marrow into the bloodstream.

And from the bloodstream, it can be easily collected and transplanted to the same patient
or another patient. Then in alleviating anaemia, low RBC count, or low platelet count, all

these aspects, growth factors are being used.
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Hurdles in using growth factors for TE

* Most critical aspect — Growth factor delivery to site of
action
* Bolus Injection?
* Growth factors have a short half life (bFGF ~ 3 min, VEGF 50 min)
* High dose required as proteins quickly scatter away from site -
side effects like increased cancer risk, edema L}

+ Recombinant growth factors are expensive to produce

Solution?

Advanced delivery systems

Now the hurdles in using growth factors in tissue engineering. The most critical aspects
of using growth factors in tissue engineering are its delivery to the right site. We can
always think of injecting these growth factors to the site that we need, as a bolus
injection. Now, the problem there is the half-life of these growth factors is very short. So,

bFGF has just 3 minutes, and VEGF has just 50 minutes; these are very short actually.



We would have to actually inject a large dose of these growth factors, so that we have
any considerable amount of growth factors which can act on the tissue and bring about
the effect. So, this high dose, in turn, ends up leading to other side effects like edema or
an increased risk of cancer. This is something which you would like to avoid, and also
growth factors are quite expensive to produce. So, the solution would be to use advanced

drug delivery systems.

(Refer Slide Time: 08:28)
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Delivery of growth factors =

* Conventional delivery systems cant address these
limitations

+ To overcome the three limitations = important to
spatially and temporally control the release of growth

factors
Approaches to
deliver GFs
Immobilization /
Y n
Encapsulation of bfi?f,ii.&i' g»t 'eor;:;ecu
GF on matrix 2 Y pp 3

doi:10.1098/r51£.2010.0223
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What is the advantage of using these systems is that they are able to give a temporarily
and spatially controlled release profile. So, they can give a sustained release of these
growth factors from these delivery systems for a prolonged period. Conventional
delivery systems usually cannot do this. A large dose of growth factors is not required

when you use a delivery system.

Also, it is able to go to the right site and act in the right environment alone, thereby
reducing the side effect too. And also, it is not exposing the growth factors usually to the
biological environment, thereby reduces the rate of its degradation by the system. The
approaches to deliver growth factors mainly include immobilization or encapsulation of
these growth factors onto scaffolds or matrix, else using nanoparticles for delivery of

these growth factors or else gene-based approaches using nucleic acids.
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Delivery of growth factors
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This shows an overview of all these three approaches. There is the delivery of growth

factors by using nanoparticles or immobilizing them on a scaffold or a matrix or else

gene delivery using nucleic acids into the cells.
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Immobilization/Encapsulation on matrix
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encapsulation /
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Chemical
conjugation

ECM inspired
immobilization

When it comes to immobilization or encapsulation of growth factors on to a matrix, there

are the three approaches again there. One is physical encapsulation, another one is

chemical conjugation, or there are approaches wherein its ECM inspired from the

extracellular matrix of the body itself.



In physical approaches, what we do is we end up physically encapsulating these growth
factors into a scaffold or a polymer. You put it into the site of the disease, and the growth
factor slowly diffuses out, thereby causing tissue regeneration and healing of the wound
site. In chemical conjugation, the growth factors are conjugated onto a matrix
chemically, and then it is again implanted into the tissue site, and it stays there and ends
up helping in the proliferation of the tissue and tissue regeneration in the end. First, we

will look at physical encapsulation or immobilization techniques.
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Physical encapsulation/ Immobilization

Physical encapsulation of GFs in the delivery system:

* GF and polymer is mixed before gelation

* E.g.: VEGF in poly(lactic-co-glycolic acid) (Murphy et al.)

* Advantage: Easy, Properties of scaffold unaffected, GF
bioactivity unaltered \

+ Disadvantage: Low GF incorporation
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The first one is the physical encapsulation of growth factors by mixing the growth factor
in a polymer before its gelation. So, the growth factors are trapped inside the polymer,
and you can transplant it. The advantage of this is, its quite easy to make, and also the
properties of the scaffold and also the growth factors are not affected much. But the

disadvantage is the loading capacity of growth factors into these polymers would be

quiet low.
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Physical encapsulation/ Immobilization

Absorption of GFs on the surfaces of the matrix:

+ GF dropped onto pre-formed scaffolds

¢ E.g.: Immobilized BMP-2 and bFGF onto synthetic bone
implant (Ziegler et al.)

+ Advantage: Easy technique

+ Disadvantage: Poor control over release (Burst reléase
with side effects)
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The second physical encapsulation technique is the absorption of growth factors onto the
surface of the matrix. Here, a pre-formed scaffold is taken, and the growth factor is
actually just dropped onto the surface. Here it just gets absorbed onto the scaffold, and it
stays there. Scaffold with the absorbed growth factor is implanted in, and then it releases
over time. But here, the issue is since it's just absorbed on to the surface, there is this
possibility of burst release happening, which is not preferable. Because it can cause side
effects by spiking the concentration of growth factors in the body to a higher dosage than
required. The advantage here again is that its an easier technique.

(Refer Slide Time: 12:03)

Physical encapsulation/ Immobilization

Layer by layer self-assembly:

*+ GFs embedded in between oppositely charged
polyelectrolytes

+ E.g.: Immobilized BMP-2 and VEGF poly(B-aminoester)
(+ charged polymer), chondroitin sulfate (- charged
polysaccharide) (Hammond et al.) t

+ Advantage: Good control over delivery rate (minimal
burst release
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Then the third physical encapsulation technique is layer by layer self-assembly. Here,
what we use is a polyelectrolyte. Polyelectrolytes are layered, and the growth factors are
sandwiched in between. Polyelectrolytes have different charges; they can be polycations
or polyanions, positive or negative.

The growth factors based on that charge too can be sandwiched in between, and we can
go for multiple layers, as shown in this picture. There can be multiple layers of growth
factors sandwiched in between these polyelectrolytes. Here, what the advantages are that
we have very good control over the delivery rate. So, there is no issue of a burst release
here.

(Refer Slide Time: 12:48)

Chemical conjugation

Carbodiimide coupling immobilization:
* Carbodiimide coupling reactions engage the amino
groups in the lysine residues and N-terminus of GFs to
crosslink with scaffold.
E.g.. Covalent immobilization of VEGF and angiopoietin-1
(Ang1) on porous collagen scaffolds (Chiu, L. L. Y. et al.)
+ Advantage: Simplicity, high conjugation ratio, low cost
* Disadvantage: GFs may lose its functionality during \
immobilization
vy O‘ )
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Then coming to chemical conjugation, one of the most commonly used techniques is

carbodiimide coupling immobilization. Carbodiimide coupling involves crosslinking the
growth factor to the scaffold, usually using a crosslinking agent. The example here is a
covalent immobilization of VEGF and angiopoietin to growth factors on a porous

collagen scaffold.

The advantages are, it is quite simple, and you get a very high conjugation ratio and a
low cost. But the disadvantage is during this coupling, when you crosslink the growth

factors onto the scaffold, it can lose its functionality if its active sites are altered.
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Chemical conjugation

Mussel-inspired bioconjuctions:

* Inspired from mussels (DOPA)- helps in attachment

+ Dopamine can be easily deposited on virtually all types of organic
and inorganic substrates to form a polydopamine, similar to DOPA

+ Polydopamine can attach GFs to substrates through covalent bonds
between the amino groups of GFs and the quinone of polydopamine

+ E.g.: Covalent immabilization of VEGF and angiopoietin-1 (Ang1) on
porous collagen scaffolds (Chiu, L. L. Y. et al)

* Advantage: robust and strong adhesion properties to virtually all
types of surfaces and the formation of reversible and noncovalent
interlayers with high affinity and stability 2

+ Disadvantage: GFs may lose its functionality during immobilization

https://doi.0rg/10,1098/esif.2015.0614 \ ‘f
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Now, coming to the second chemical conjugation technique, its mussel-inspired
bioconjugation. Here, mussels are these organisms that grow on the beach on the rocks;

you would find them attached near the sea. They use a chemical called DOPA, which can

very strongly attach to almost all surfaces.

Similar to that, what is been developed is polydopamine using dopamine, which has a
similar property to DOPA. This DOPA can be coated on almost any scaffold surface, and
the growth factors can be made to conjugate onto it. The advantage that it is a strong
adhesion. So, you would get a high affinity and also stability. There would not be a burst
release or uncontrolled release pattern. The disadvantages again as previous chemical
conjugation technique, the growth factor can lose its functionality during the

immobilization technique.
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ECM inspired immobilization
Heparin-based binding approach:

* ECM- acts as reservoir of GFs - binds GFs with high
affinity (e.g. Heparin sulfate and BMP-2, VEGF, etc.)

+ E£.g.: High MW heparin facilitates TGFB1 loading and
retention on hyaluronic acid-based hydrogels - induce
stem cell to epithelial cell differentiation (Jha et al.

* Advantage: Mimics ECM, spatio-temporally controlled
release

d0i:10.1038/am.2017.171 x L

Now the ECM inspired immobilization approaches. In the ECM, we find a lot of proteins
or molecules which can control the release of growth factors. They act as reservoirs by
having a very high affinity towards these growth factors and thereby altering how the

growth factors are distributed in the environment.

One such molecule is heparin sulfate. It has a very high affinity to growth factors like
BMP 2 and VEGF. You can use these molecules to coat the surface of your scaffolds and
ensure that the growth factors like the ones which have an affinity towards heparin
sulfate end up getting immobilized on the surface. The advantages are it mimics the
ECM. It is a much more natural environment that we are simulating here, and we get

very good spatial and temporal control.
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ECM inspired immobilization

Adhesive protein-based binding:

+ Several GF-binding motifs are present within ECM
adhesive proteins, such as collagen, fibronectin,
fibrinogen and vitronectin.

+ E.g.: hyaluronic acid hydrogel functionalized with the
fibronectin fragment for BMP-2 delivery - 2X bone"
formation rate in rat models compared to BMP-2 from
Non functionalized HA hydrogel x

Adhesive proteindinding
% ] y\
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Another ECM based immobilization approach is adhesive protein-based binding. Just
like heparin sulfate, there are proteins too like, collagen and fibronectin, which have an
affinity to certain growth factors. Based on that, we can even coat the surface of your
scaffold with these proteins like fibronectin or fibrinogen. The example given here is
BMP 2, which has a higher affinity to fibronectin fragments. We can do that and ensure

that the growth factors remain attached stably onto the scaffold.

(Refer Slide Time: 16:14)

ECM inspired immobilization

ECM components and hierarchical structure-based
binding:

+ ECM architecture plays a role in modulating GF activity

+ £.g.: Biomimetic ECM nanostructures with chitosan and
collagen along with BMP 2 has shown in vivo to en!;ance
bone formation

* Bioactivity and release kinetics of immobilized GFs are
dependent on their binding-affinity, underlying
micro/nano structures, and the use of multip|
immobilization approaches ?
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Another approach inspired by ECM is using the structure that the ECM provides. So,
biomimetic ECM nanostructures can be achieved using your scaffold itself. This too can

improve the growth factor affinity towards the molecules.
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Nanocarrier based delivery
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The next approach in delivering growth factors we are going to look at is nanocarrier-

based approach wherein you use a nanoparticle to deliver these growth factors.

(Refer Slide Time: 16:42)

Nanocarrier based delivery

* Biocompatible NPs have received considerable attention
for drug delivery due to their small dimensions, high
surface area to volume ratio, high drug loading efficiency,
and ability to quickly respond to environmental stimuli,
such as temperature, pH, magnetic field or ultrasound

+ They also protect the GFs from the bio-environment

|
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The advantage of this is nanocarrier-based delivery has already been studied quite well

because it is commonly used in drug delivery systems. It can have a very high loading



efficiency, and also it can quickly respond to environmental stimuli such as temperature

or pH.

So, spatially, it would be easy to control. It can go to the target site and only then release
the growth factors, which is a great advantage. Also, they protect the growth factors from
the bio-environment, thereby preventing the growth factors from being degraded easily

by the physiological system.

(Refer Slide Time: 17:22)

Synthetic polymer NPy

Synthetic polymer NPs
* Synthetic polymers include polylactide (PLA),
polyglycolide (PGA) and PLGA copolymers
+ These are widely used in drug deliver -
+ safe and well studied

* FDA approved formulations (PLGA)
* Protects drugs inside

)

+ One problem concerning PLGA is its poor affinity under
physiological conditions, resulting in inadequate protein
retention,

The first nanoparticle-based system we will be looking at is synthetic polymers.
Synthetic polymers, like PLA, PGA, and PLGA, are widely studied in drug delivery.
PLGA is FDA approved, and also it protects the drug inside, and its well studied. One
problem when it comes to PLGA is its poor affinity to the proteins when it comes to
physiological conditions. So, protein retention might be low. The proteins can actually
leach out in the physiological environment.
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Protein-based NPs @

+ Albumin has been widely explored in this regard
+ Contains multiple drug binding sites (+,- drugs)
+ Their surface properties are well tolerated by charged polymers
* biodegradable
* easy to fabricate and reproducible

\
+ A stabilizer coating is added to stabilize the NPs in water-
dispersions - Glutaraldehyde, Polysaccharides

Protein-based nanoparticles. Albumin is a protein that has been widely studied for this
application. It has multiple drug binding sites. So, you can conjugate the growth factors
quite easily, and also, their surface properties are well tolerated by charge polymers.
They are biodegradable, and also, they are easy to fabricate, and they are reproducible.
Usually, a stabilizer coating is given to these nanoparticles, usually of glutaraldehyde or

other polysaccharides; this is done to prevent aggregation.

(Refer Slide Time: 18:34)

~"‘ 999999

Protein-based NPs ... 499509

€ A Aaaad
" 33999
+ Chitosan/oxidized alginate- - P s
coated BSA NPs assembled on =i
Titanium surfaces to form Laf® a5 —
biomimetic nanostructures L %
. o
* Sustained release of GFs over 1 _;‘4 \
long periods L
* Reveals the synergistic effects of "
nanostructured architectures bacedorrierrhiR

and BMP-2 on cell behavior

dol: 10.1002/adhm. 201400684




An example of this protein-based nanoparticle approach, which has been integrated with
the microarchitecture approach, which is previously mentioned, is this study. Here,
chitosan alginate coated bovine serum albumin nanoparticles were used. Two different
growth factors, as you can see has been incorporated into these nanoparticles, and they
have been arranged based on the charge in a biomimetic nanostructure. It has shown that

it has a very sustained release.

So, you can see the two growth factors releasing in a very controlled fashion in an
overall sustained period. So, it's releasing for around 30 days. Also, the microarchitecture
has been shown to have a synergistic effect along with these growth factors in improving

cell behavior.
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Polysaccharide-based NPs

+ Abundance in nature, low toxicity, high stability, low cost,
biocompatibility, and presence of various functional
groups on molecular chains

* BMP-2-encapsulated chitosan/chondroitin sulfate (similar
to heparin) NPs by polyelectrolyte complexation |

* Sustained release of protein for over 40 days

P2

DOI; 10.1002/jbm.a.35282

The example shown here is BMP-2, which is been encapsulated in a polysaccharide-
based nanoparticle, chitosan base. And also, it is arranged in a polyelectrolyte

complexation fashion, which is similar to the layer by layer approach that we saw.

So, chondroitin sulfate is similar to heparin is able to easily attach to BMP-2 because of
its high affinity. It forms a complex, and chitosan ends up complexing with this due to
polyelectrolyte because of the charges between them, and they form a nanoparticle.
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Other NPs

* Liposomes - Phospholipid bilayer vesicles ‘,&“u”
* Blocompatible, nontoxic, and can load g
Hydrophobic/Hydrophilic drugs ?

+ Aggregation under aqueous conditions and %"ﬁ;

spilling drugs = can be overcome with polymer
coating v

+ Mesoporous silica NPs (MSNs)
* Mainly used in bone tissue regeneration
* high surface area, controllable particle size, large
pore volumes, superior biocompatibility 3
* Burst release can be eliminated with polymer X
coating

| o
Other nanoparticles that are worth mentioning are liposomes, which have been widely
studied for drug delivery applications. It is a phospholipid bilayer vesicle which has
hydrophobic and a hydrophilic region. Based on the molecule of interest, you can
incorporate it in the hydrophobic or the hydrophilic region, which is an advantage when
it comes to delivering nanoparticles. But aggregation is one of the issues in liposomes.

This can be overcome just like previously discussed by giving a polymer or a

polysaccharide coating.

Another nanoparticle worth mentioning is mesoporous silica. It is a silica nanoparticle
with a lot of a very porous structure. It has a very high surface area, and the particle size
can be easily controlled and has good biocompatibility. Even the liposomes have good

biocompatibility. So, burst release can be eliminated by giving a polymer coating.
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Gene based Approaches
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Now, coming to the third approach that we will be talking about is the gene-based

approach.

(Refer Slide Time: 21:14)

Gene based Approaches

+ Deliver nucleic acid to promote or inhibit protein
expression

* More complex than the other methods, but offers new
approaches

+ Steps involved in gene delivery :

+ Complexation or condensation of the nucleic acids, nandharticle
formation, and protection against nucleases

* Cellular uptake (i.e., via endocytosis)
+ Endosomal escape of the particle to the cytosol

+ Release of the cargo from the gene carrier into the cytosol,
which is the target location of short Interfering RNA (sIRNA)

* Degradation of the gene carrier to minimize cytotoxicity

* Nuclear import for the case of DNA and short hairpin RNA
(shRNA) plasmids,

This is a little more complex method, but it offers us a lot more approaches wherein you
can activate or deactivate genes that are already present in the cell, or else if you want,
you can even introduce new genes that are not present in the cell. So, that is something
that this approach uniquely offers. The steps mainly involved in delivering a gene into
the cell involve; first, a complexation or condensation of this nucleic acid and a



nanoparticle formation, and then this nanoparticle is taken into the cell via endocytosis.

So, it forms an endosome bilayer around this nanoparticle.

Now the payload has to break out of this bilayer, which is the release of the cargo into
the cytosol. If the payload is a small interfering RNA, which can go and bind into mRNA
and stop translation into proteins, it will take its action in the cytoplasm itself. If it is a
DNA that needs to be carried into the nucleus, it is further taken into the nucleus wherein

it can incorporate with the host DNA or else stay as plasmids.

Then degradation of the delivery system that you used inside the cytoplasm,; that is very
important because it can lead to cytotoxicity. So, that is something which we will look at

avoiding.

(Refer Slide Time: 22:38)

Gene based Approaches

* Delivery vectors
* Viral - Effective, but safety concern and low payload

* Non-Viral - Less immunogenic, Higher payload but lower
efficiency

* Both systems have difficulty in in vivo delivery
+ Solution? \

Use of ex vivo approach - cells are modified outside the
body and delivered to the diseased site

The delivery vectors usually used for delivering nucleic acids are viral or non-viral. In
the viral vectors, the advantage is it has a very high efficiency of delivering these genes,
but at the same time, safety is a concern and also low payload. The safety concern is that
although the viral in part of this viral-nanoparticles are deleted out, it can always mutate

back into being virulent; that is the disadvantage of viral vectors.

When it comes to non-viral vectors, they are less immunogenic. So, they are much safer
when compared to viral vectors, and also, there is a higher payload, but its efficiency is

quite low. Both of them have difficulty in delivering genes in the in vivo delivery. The



solution to this is to take the cells out into an ex vivo environment. Then, transfect these

cells with the gene of interest that you want, and then reintroduce them into the body.

(Refer Slide Time: 23:42)

Mechanical signals

+ Mechanical forces involved in development
* Spring forces = sperm cells penetrate egg
* Osmaotic pressure - activate egg cells
* Surface tension

* Shear stress - blood in heart - endothelial
differentiation

+ “While hormones may bring about as much
as 10% of the postnatal changes in bone strength and
mass, 40% are established by mechanical factors.”
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Now, after looking at the chemical signals, we move onto mechanical signals that are
used for tissue engineering. Mechanical signals are normally used by the cell to grow,
proliferate, and so on. The normal development of most tissues requires some sort of

mechanical force is to be involved. These are few of the mechanical forces which are in

the development process of tissue.

Spring forces, as you can see, it's similar to a spring wherein if its compressed its tends to
relax. So, this is what drives the sperm cells to penetrate the eggs. Osmotic pressure is
something that activates egg cells. Shear stress, which is found in the heart wherein the
blood, is pumped by the heart, and it experiences shear stress on it, and this also actually
affects the endothelial cell differentiation. It's quite important for the development of

these tissues.

Something interesting to observe is that only about 10 percent of the postnatal changes in
bone strength is influenced by hormones, whereas the rest, like around 40 percent, is just
by mechanical factors.
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Electrical signals

+ Endogenous EF has been shown to guide cell migration to
sprout directly toward the wound edge. On the other
hand, wound healing is compromised when the EF is
inhibited,

* Neurons cultured within electric fields have been shown
to alter the direction and rate of neurite extension,"based
on the parameters of the electrical stimulation.

+ Action potential across cell membrane is known to trigger
cells to transmit signals and secrete hormones.

* High bone conductivity is associated with high marrow
content, while low conductivity is related to high porosity,
low bone mineral density

Now, moving onto electrical signals, these are also very vital for the development of the
tissues. It has been shown that endogenous electrical fields are usually formed at wound
sites to direct cells towards this wound site, thereby helping in wound healing. When
these electrical fields are not present in wound sites, it ends up comprising how the
wound healing takes place. Neurons cultured in an electrical field have been shown to
alter its direction and rate of neurite extension based on the parameter of electrical

stimulation.
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Conclusion

* Toxicity of delivery systems are of crucial importance

* Need better understanding of native signalling pathways
during healing and development

+ Also the interaction of multiple GFs, mechanical and
electrical signals need to be well understood \

+ High dose of GFs can pose serious side effects - need
more studies to achieve required results with controlled
dosage

+ Signals are just one aspect in TE - putting together cells,
scaffolds and signals require a multidisciplinary approach




High doses of growth factors can pose serious side effects. So, we need to study and
make sure that the controlled release of these growth factors ends up giving only the
concentration that is required for that. Cells are just one of the aspects of tissue
engineering, and we need to put the cells, scaffolds, and signals together, which requires

a multidisciplinary approach.

Thank you.



