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Summary

Cancer and cardiovascular diseases are the two most common cause of death
worldwide. Despite significant advancement in medical treatment, prognosis of
patients with cardiovascular disease and cancer remains unsatisfactory. Clinical
effectiveness of stem cell therapy to regenerate myocardium is still under evalua-
tion, with no conclusive decision on a preferable cell type. Bone marrow as well as
adipose tissue-derived mesenchymal stem cells (MSCs), referred as a
second-generation stem cells, has been proposed to serve as a universal cell source
due to beneficial immunomodulatory characteristics allowing allogenic application.
Further improvement of MSC biological function is strongly investigated with
genetic modification, pharmacological optimization, or preconditioned media.
Moreover, novel strategies including injectable hydrogels are developed.

Apart from stem cells, innovative nanorobotic agents have a great clinical
potential being able to perform advanced tasks at the molecular level. This unique
feature opens a new chapter in medicine, where precise and personalized treatment
is a cornerstone. This series highlights the current concepts and future directions in
the field of stem cells and nanorobotic agents medical application.

This series highlights the current concepts and future directions in cancer and
cardiovascular disease therapy with stem cells and nanorobotic agents.

vii



Chapter 1

Advances Is Mesenchymal Stem Cell
Application for Cardiovascular Disease
Treatment

Abstract Novel strategies are developed to optimize MSC function. Among them
genetic modification is a promising solution to improve cell survival/engraftment
after transplantation as well as to enhance cardioprotective function. Following
genetic modification are described: Bcl-2, CREG, Hsp20, Akt, PI3K-2q, ILK,
periostin, CXCR4, TNFR, Angl, VEGF, Wntl1. HO-1, GSK-38, IGF-1, SDF-1,
GATA-4. Pharmacological optimization or preconditioned media are also investi-
gated to overcome current limitation in stem cell therapy. Pharmacological agent
pretreatment strategy covered in this chapter includes application of diazoxide,
estradiol, lysophosphatidic acid, lovastatin, oxytocin, phorbol myristate acetate,
tadalafil, trimetazidine. Cytokine and growth factor pretreatment discussed below
includes stromal-derived factor 1 alpha, angiopoietin-1, insulin-like growth factor-1,
transforming growth factor-o, bone morphogenetic protein-2, fibroblast growth
factor-2 and insulin-like growth factor-1 cocktail, interleukin-1f and transforming
growth factor-3 combination. Moreover, application of including injectable hydro-
gels are presented including cell containing injectable biomaterials, acellular scaf-
folds with incorporated bio-agents, and co-application of cells and bio-agents.

Keywords Mesenchymal stem cells - Genetically modified stem cells
Pharmacologically optimized stem cells - Injectable hydrogels

1.1 Genetically Modified Mesenchymal Stem Cells

Combined stem cell and gene therapy represents a novel and promising approach to
treat heart diseases. It has been shown that genetic modifications of mesenchymal
stem cells (MSCs) can improve survival and engraftment of transplanted MSCs and
their cardioprotective effect against post-ischemic myocardial dysfunction [1]. The
latter one can be achieved e.g. by the use of MSCs overexpressing genes encoding
proteins that promote angiogenesis.

Genetically modified MSCs represent a wide group of cells. Here we categorized
them based on the primary effect of genetic modification on MSC transplantation

© The Author(s) 2017 1
T. Jadczyk et al., Innovative Diagnostics and Treatment: Nanorobotics
and Stem Cells, Nanotheranostics, DOI 10.1007/978-981-10-4527-1_1
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and MSC function in cardiac repair. Specifically, MSCs overexpressing proteins
that improve MSC survival and engraftment as well as factors that enhance MSC
differentiation and their angiogenic potential are discussed (Fig. 1.1).

1.1.1 Genetically Modified MSCs with Improved Survival
and Engraftment After Transplantation

Many different overexpressed genes have been employed in MSCs to improve their
survival and engraftment after transplantation. Here we briefly describe MSCs
overexpressing Bcl-2, CREG, Hsp20, Akt, PI3K-20, ILK, periostin, CXCR4,
TNFR. We discuss the effect of these genetic modifications on MSC transplantation
and their use to increase efficacy of MSC-based therapy in heart disease treatment.

1.1.1.1 MSCs Overexpressing Bcl-2

Bcl-2 is an anti-apoptotic protein originally identified in B-cell lymphoma. Li and
colleagues demonstrated that MSCs overexpressing Bcl-2 have better survival and
engraftment after transplantation into infarcted myocardium. This subsequently can
ameliorate LV remodeling and improve left ventricle (LV) function. Bcl-2 over-
expression in MSCs also enhances vascular endothelial growth factor (VEGF)
secretion under hypoxic conditions. This might provide cardioprotective effects on
ischemia-damaged myocardiumby increasing capillary density and decreasing
infarct area [1]. Taken together, transplantation of MSCs modified with Bcl-2 gene
represents an effective approach in the treatment of myocardial infarction.

1.1.1.2 MSCs Overexpressing CREG

Cellular repressor of El-stimulated genes (CREG) is a glycoprotein highly
expressed in blood vessels. Deng and colleagues demonstrated that overexpression
of CREG inhibits apoptosis of MSCs subjected to metabolic stress conditions, such
as hypoxia and serum deprivation. This cytoprotective effect is probably based on
activation of PI3K/Akt pathway and increased VEGF secretion from MSCs [2].
Taken together, modification of MSCs with CREG gene might become a potent
strategy to increase survival of transplanted MSCs.

1.1.1.3 MSCs Overexpressing Hsp20

Hsp20, also known as HspB6, belongs to the small heat-shock proteins. It is an
anti-apoptotic protein expressed at high levels in cardiac, skeletal and vascular
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smooth muscle [3]. In vitro studies have shown that overexpression of Hsp20 can
reduce death rate in MSCs subjected to hypoxia. Moreover, transplanted MSCs
overexpressing Hsp20 had better survival in the LAD ligation model.
Hsp20-modified MSC improved subsequent cardiac function of infarcted myo-
cardium, which was accompanied by reduced fibrosis and increased vascular
density. The cytoprotective effect of Hsp20 overexpression on MSC survival is
associated with enhanced Akt activation in MSCs and increased MSC secretion of
growth factors, such as VEGF, FGF-2 and IGF-1 [4]. Taken together, transplan-
tation of MSCs modified with Hsp20 might become an effective strategy for
ischemic heart disease treatment.

1.1.1.4 MSCs Overexpressing Akt

Akt, also known as protein kinase B (PKB), is a serine/threonine kinase playing an
important role in various cellular processes including cell survival and proliferation.
It has been shown that Akt overexpression in MSCs significantly improved survival
of MSCs transplanted into infarcted myocardium. This resulted in reduction of
infarct size and improvement of cardiac function. Mangi and colleagues observed
that transplantation of MSCs overexpressing Akt into ischemic myocardium
inhibited the process of cardiac remodeling as it reduced intramyocardial inflam-
mation, collagen deposition and cardiac myocyte hypertrophy. It also led to sig-
nificant regeneration of lost myocardial volume and completely normalized systolic
and diastolic cardiac function [5]. The mechanism by which MSCs modified with
Akt repair ischemic myocardium involves secretion of various cytokines and
growth factors from MSC which produce a protective milieu in damaged heart
[5, 6]. Taken together, MSCs overexpressing Akt might be a potent source of cells
for heart disease treatment.

1.1.1.5 MSCs Overexpressing PI3K-2a

Phosphoinositide 3-kinase class II alpha (PI3K-2a) is one of the isoforms of PI3K
involved in regulation of cell survival via intrinsic death pathway. Eun and col-
leagues demonstrated that PI3K-20 overexpression in MSCs can be an effective
way to enhance viability of MSCs transplanted into infarcted heart. Under in vitro
hypoxic conditions, PI3K-2a stimulates production of pro-survival factors in MSCs
leading to their better survival. Animal studies in rats have shown that transplan-
tation of PI3K-2a-modified MSCs into infarcted hearts results in a significant
reduction in infarct size and fibrosis area as well as increased density of
microvessels and improved heart function [7].
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1.1.1.6 MSCs Overexpressing ILK

Integrin-linked kinase (ILK) is a serine/threonine kinase binding to the cytoplasmic
domain of B-integrin and participating in the regulation of many cellular functions
including cell adhesion, growth and cell shape change. Song and colleagues
demonstrated that overexpression of ILK in MSCs might increase efficiency of
MSC transplantation as it enhances MSC survival in infarcted myocardium. These
effects are mediated via activation of Act and ERK proteins, two key regulators of
adhesion-mediated cell survival signals. The cytoprotective mechanism of ILK
overexpression on MSC may be based on increased Bcl-2/Bax ratio and inhibition
of caspase-3 activation in MSCs. Transplantation of ILK-modified MSCs into
infarcted heart subsequently led to decrease in infarct size and fibrotic area as well
as improvement in LV function [8]. Taken together, genetic modification of MSCs
with ILK represents a promising strategy for infarcted myocardium treatment.

1.1.1.7 MSCs Overexpressing Periostin

Periostin is a secreted extracellular matrix molecule. It belongs to fascilin family
and is involved in the regulation of cell adhesion, migration and growth. Studies by
Cho et al. demonstrated that overexpression of periostin in MSCs improves survival
of MSCs and increases their number in the infarcted heart. This effect is probably
mediated via activation of Akt and associated with increased Bcl-2/Bax ratio and
inhibition of caspase-3 activation. Transplantation of periostin-modified MSCs led
further to the functional recovery of infracted myocardium. This was not only due
to enhanced survival of MSCs but also anti-apoptotic effect of overexpressed
periostin on cardiomyocytes [9].

1.1.1.8 MSCs Overexpressing TNFR

Tumor necrosis factor (TNF)-a is an inflammatory cytokine produced e.g. in
ischemic heart. It can negatively affect the survival of transplanted MSCs thus some
studies focus on developing strategies to increase its binding or removal from the
heart environment at the site of MSC implantation. Bao and colleagues demon-
strated that overexpression of TNF receptor (TNFR) in MSCs improved engraft-
ment of these cells in the infarcted myocardium. Moreover, transplantation of
TNFR-modified MSCs improved left ventricular function as it reduced the level of
TNF-a in serum and cardiac tissue [10].

1.1.1.9 MSCs Overexpressing CXCR4

CXC chemokine receptor 4 (CXCR4) is a specific receptor for SDF-1, a chemokine
that plays an important role in homing of progenitor cells to ischemic tissues. It has
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been shown that CXCR4 overexpression increases MSC homing into infarcted
myocardium. This, in turn, resulted in reduced remodeling and improved
post-infarction recovery of LV function [11]. This was partly due to enhanced
vascularization in the damaged myocardium induced by CXCR4-modified MSC
[12]. Taken together, overexpression of CXCR4 in MSCs might become an
important strategy to improve efficacy of MSC-based therapy for heart diseases.

1.1.2  Genetically Modified MSCs with Enhanced
Cardioprotective Function

The role of MSCs in cardioprotection is based on their ability to secrete proan-
giogenic factors and differentiate into myocardial phenotypes. To improve the
function of MSCs in damaged heart, these cells were modified with the genes
encoding the following proteins: Angl, VEGF and Wntl1. Here we briefly describe
the benefits of MSC modification with these genes in improvement of the treatment
of heart diseases.

1.1.2.1 MSCs Overexpressing Angl

Angiopoietin-1 (Angl) is an endothelial-specific growth factor and one of the key
regulators of angiogenesis. Studies conducted by Lijie and colleagues confirmed
that overexpression of Angl in MSCs enhances angiogenesis and arteriogenesis in
infarcted heart by 11-35%. This led to the increased capillary density, reduction in
the infarct area by 30% and improves LV function [13]. Taken together, MSC
modified with Angl are a potent source of cells to improve cardiac function in
myocardial infarction.

1.1.2.2 MSCs Overexpressing VEGF

VEGF is a heparin binding angiogenic growth factor highly specific for endothelial
cells [14]. It is secreted from various types of cells, including MSCs. It has been
shown that overexpression of VEGF of MSCs can increase the expression level of
VEGF in MSCs that led subsequently to the enhanced myocardial neovascular-
ization in infarcted heart. This subsequently led to the reduction of LV remodeling,
accompanied by increased capillary density, reduction in infarct area and fibrotic
tissue formation [15]. Despite of all the benefits of MSC modification with VEGF,
this approach has one very important limitation. This is because continuous, high
expression of VEGF in heart can lead to tumor vessel formation. Thus, strategies
based on inducing overexpression of VEGF in MSCs should be carefully revised
before it will be applied for heart disease treatment.
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1.1.2.3 MSCs Overexpressing Wnt11

Studies have shown that Wntl1 plays a vital role in myocardial development as it
promotes differentiation of cardiac progenitor cells into cardiac phenotypes. He and
colleagues demonstrated that overexpression of Wntll in MSC can provide a
strategy to also increase differentiation of MSCs into myocardial cells. The effect of
this genetic modification may be partly due to upregulation of GATA-4 by Wntl1
in MSCs [16].

1.1.3 Genetically Modified MSCs Exhibiting Improved
Transplantation Potential and Cardioprotective
Function

Improvement of MSC transplantation as well as MSC function in cardiac repair
might be achieved by a genetic modification with one or two genes. Here we briefly
describe MSCs modified with HO-1, GSK-3p, IGF-1, SDF-1, GATA-4.

1.1.3.1 MSCs Overexpressing HO-1

Heme oxygenase 1 (HO-1) is an anti-apoptotic and anti-oxidant enzyme. It
catabolizes heme into biliverdin/bilirubin, carbon monoxide and free iron and as
such protects cells from death. Many groups demonstrated that overexpression of
HO-1 in MSCs improves their viability after transplantation into infarcted myo-
cardium. This is because HO-1-modified MSCs exhibit enhanced anti-apoptotic and
anti-oxidative capabilities [17]. In consequence, higher number of MSCs survived
in ischemic heart led to improvement in cardiac function after ischemia/reperfusion.
This is mainly because of the increased angiogenic growth factor secretion (e.g.
FGF-2, VEGF) by these cells as well as their ability to normalize the balance
between metalloproteinases and tissue inhibitors of metalloproteinases in ischemic
heart [18-20]. Higher secretion of angiogenic factors subsequently results in
increased capillary density and reduction of infarct area whereas restored balance
between metalloproteinases and tissue inhibitors of metalloproteinases contributes
to the reversion of myocardial extracellular remodeling. This leads to further LV
function improvement, accompanied by reduced fibrosis and LV dilatation, smaller
chamber and thicker LV anterior walls [18, 20]. Taken together, MSCs overex-
pressing HO-1 can be a potent source of cells for heart disease treatment.

1.1.3.2 MSCs Overexpressing GSK-3f

Glycogen synthase kinase-3p (GSK-3f) is a serine/threonine kinase that regulates
various intracellular functions, including cell growth and differentiation. It has been
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shown that overexpression of GSK-3f in MSCs increases survival and cardiomy-
ocyte differentiation of MSCs after injection into infarcted myocardium, thus
becoming a potent strategy to treat heart diseases. MSCs modified with GSK-3f3
may also produce factors that induce e.g. proliferation of residential cardiac pro-
genitor cells and promote recruitment of these cells to the ischemic heart. This, in
turn, leads to repair of damaged heart. The beneficial effects of GSK-3-modified
MSC transplantation into damaged myocardium included suppression of cardiac
remodeling and improvement of LV function, largely through VEGF-dependent/
independent mechanisms [21].

1.1.3.3 MSCs Overexpressing IGF-1

Insulin-like growth factor 1 (IGF-1) stimulates cardiac growth and contractility and
as such plays an important role in the heart. It has been shown that overexpression
of IGF-1 in MSCs can increase survival of both MSCs and myocytes in infarcted
myocardium. This effect is mediated via PI3K/Akt signaling pathway activation.
Genetic modification of MSCs with IGF-1 enhances also release of various growth
factors, including VEGF and SDF-lo. This subsequently leads to increased
angiogenesis in heart and results in massive stem cell mobilization into damaged
myocardium. The MSC-based delivery of IGF-1 into infarcted heart contributes to
further improvement of indices of LV contractile function, including LV wall
thinning and dilatation [22]. Taken together, IGF-1 overexpression can represent a
potent strategy to improve MSC transplantation and MSC function in damaged
heart repair.

1.1.3.4 MSCs Overexpressing SDF-1a

Stromal cell-derived factor 1o (SDF-1a) is a chemokine that modulates several
biological functions via its receptor, CXCR4. It is involved in regulation of cell
growth, proliferation, cell migration and apoptosis. Tang and colleagues demon-
strated that MSCs overexpressing SDF-1a exhibits enhanced survival and paracrine
function after injection into infarcted heart. They can also differentiate into car-
diomyocytes and endothelial cells in the ischemic myocardium as well as promote
angiogenesis and decrease the expression of collagens (type I and II) and metal-
loproteinase (type 2 and 9). These effects are mediated via activation of Akt as well
as increased level of VEGF secretion by SDF-1a-modified MSCs. Transplantation
of MSCs overexpressing SDF-1a into infarcted myocardium increased vascular
density and thickness of LV wall and reduced infarct size and fibrosis. The last
effect is probably mediated via enhanced HGF secretion from SDF-1a-modified
MSCs [23]. Taken together, transplantation of MSCs overexpressing SDF-1a is a
promising approach to improve LV function and reduce LV remodeling in infarcted
heart.
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1.1.3.5 MSCs Overexpressing GATA-4

GATA-4 is a member of GATA transcription factors family that regulates differ-
entiation, growth and survival of various cell types. Li and colleagues demonstrated
that overexpression of GATA-4 in MSCs can have a beneficial effect not only on
their transplantation but also function in damaged heart repair. This is because
GATA-4 overexpression results in increased survival of MSCs in ischemic heart
and enhances VEGEF release from MSCs, which promotes endothelial cell angio-
genic response. Transplantation of GATA-4-modified MSCs reduced infarct size
and increased capillary density as well as local blood flow. This, in turn, amelio-
rated LV remodeling and improved LV function [24].

1.1.4 Future Directions

Despite of all the beneficial effects of above described genetic modifications,
researchers are still searching for a “golden” gene or gene combination that being
overexpressed in MSCs could enhance the efficacy of MSC-based therapy for heart
disease treatment. Tang and colleagues demonstrated that overexpression of SDF-1
and VEGF in MSCs can result in better survival of MSCs in infarcted heart as well
as their better angiogenic potential and differentiation into cardiomyocytes com-
pared to MSCs overexpressing only SDF-1 or VEGF. Combined MSC, chemokine
and angiogenic growth factor therapy subsequently significantly reduced infarct
size, prevented remodeling, increased capillary density, thickness of the LV wall
and improved cardiac function in acute myocardial infarction rat model [25]. The
therapeutic effect of MSCs in myocardial infarction treatment can be also enhanced
by MSC modification with Csx/Nkx2.5 and GATA-4. It has been shown that
overexpression of these cardiac genes in MSCs markedly increased the survival and
differentiation of MSCs as well as angiogenesis in infarcted myocardium.
Transplantation of MSCs modified with Csx/Nkx2.5 and GATA-4 resulted in
ameliorated LV remodeling and LV function [26]. Taken together, genetic modi-
fication of MSCs with two or more genes might significantly advance the efficacy of
MSC-based therapy for cardiac disease treatment. Thus, effect of different gene
combination on MSC transplantation and function in damaged heart should be
intensively investigated.

1.2 Pharmacologically Optimized Mesenchymal
Stem Cells

Recent studies have shown that efficiency of MSC-based therapy in treatment of
heart diseases can be increased via MSC preconditioning with various pharmaco-
logical agents as well as cytokines and growth factors (Fig. 1.2). Importantly, this
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1.2 Pharmacologically Optimized Mesenchymal Stem Cells 11

strategy can be easily applied to a large number of cells. Moreover, pretreatment of
MSCs has a transient effect on cells. This might be crucial to overcome the
tumorigenecity problem related to some genetic modifications of MSCs. Thus, this
strategy might be an alternative for genetic engineering of MSCs.

1.2.1 Mesenchymal Stem Cells Optimized
via Pharmacological Agent Pretreatment

Pharmacological agents used to improve therapeutic potential of MSCs in heart
disease treatment represent a wide group of compounds. Here we briefly charac-
terize some of them and describe their effect on MSCs and their role in repair of
cardiac tissue injury. Specifically, diazoxide, estradiol, lysophosphatidic acid,
lovastatin, oxytocin, phorbol, tadalafil and trimetazidine are discussed.

1.2.1.1 Diazoxide

Diazoxide is a selective mitochondria ATP-sensitive potassium (mito-Ktp)
channel opener, which has been proven to have a protective effect on the heart after
ischemia/reperfusion injury [2, 3]. Cui and colleagues demonstrated that precon-
ditioning of SMSCs (selected MSCs expressing c-kit and Nxk2.5) with diazoxide
improves survival of the transplanted SMSCs. This is due to the ability of diazoxide
to protect mitochondrial membrane integrity and prevent translocation of cyto-
chrome ¢ into cytoplasm. The cytoprotective effect of diazoxide might also be
associated with secretion of paracrine factors, such as bFGF and HGF that activate
the PI3K/Akt survival pathway by binding to their receptor tyrosine kinases. It has
also been shown that transplantation of SMSCs pretreated with diazoxide reduced
the infarct size and increased LV function. This was mainly due to better survival of
SMSCs undergoing myogenic differentiation and improved SMSC paracrine
function in the infarcted heart [4]. Taken together, preconditioning SMSCs with
diazoxide represent an effective approach to promote survival of SMSCs subjected
to oxidative stress and attenuate cardiac injury after myocardial infarction.

1.2.1.2 Estradiol

Estradiol (E2 or 17B-estradiol) is a sex hormone synthesized in various steroido-
genic cells and tissues including ovarian granulosa cells, placenta adipose tissue,
skin, endometrium, vaginal mucosa, breast, liver, blood vessels, and heart [5].
Estradiol induces diverse biological effects in various tissues and organs. One of
them is increased cardiovascular system protection. It has been shown that estradiol
modulates vascular tone, as it induces vascular vasodilation, and prevents vascular
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remodeling [6]. Erwin and colleagues demonstrated that estradiol can also enhance
MSC paracrine function in injured cardiac tissue. It has been shown that MSCs
pretreated with estradiol produce more VEGF than untreated MSCs. Moreover,
preischemic infusion of estradiol-treated MSCs protects myocardial function
(LVDP and EDP) and viability following ischemia/reperfusion injury [7]. These
findings suggest that pretreatment of MSCs with estradiol may represent an
important approach for ischemia/reperfusion injury treatment.

1.2.1.3 Lysophosphatidic Acid

Lysophosphatidic acid (LPA) is an important signaling molecule that belongs to a
family of bioactive lipid phosphoric acids. It is present in all mammalian cells,
tissues and blood. The biological activity of LPA is mediated via activation of five
specific G-protein-coupled receptors, termed LPA1-LPAS. Acting through these
receptors LPA regulates diverse cell functions, such as proliferation, survival and
apoptosis [8, 9]. Liu and colleagues demonstrated that treatment of MSCs with LPA
inhibits apoptosis of MSCs subjected to hypoxia and serum deprivation. The
antiapoptotic effect of LPA on MSC was also confirmed in vivo in an animal model
of myocardial infarction. It has been shown that LPA treatment improved survival
of MSCs transplanted into the ischemic heart. Moreover, LPA-treated MSCs pro-
moted angiogenesis and thus improved capillary density in ischemic myocardium.
In vitro studies have shown that LPA also elevated secretion of VEGF from MSCs
subjected to hypoxia and serum deprivation. This may lead not only to increased
angiogenesis but also better survival of cardiomyocytes and MSCs in vivo. Taken
together, preconditioning of MSCs with LPA represents a promising approach to
promote MSC survival and angiogenesis in ischemic hearts [10].

1.2.1.4 Lovastatin

Lovastatin is a cholesterol-lowering drug commonly used in prevention of cardio-
vascular disease. It is isolated from Monascus and a strain of Aspergillus terreus, and
acts by inhibiting 3-hydroxy-3methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), an enzyme involved in conversion of HMG-CoA into mevalonate
[11, 12]. Mevalonate is one of the building blocks required for cholesterol biosyn-
thesis which production can be reduced by lovastatin via competitive inhibition of
HMG-CoA. In vitro studies have shown that lovastatin protects MSCs from apop-
tosis under hypoxia and serum deprivation conditions. The antiapoptotic effect of
lovastatin is based on its ability to activate a mitochondrial pathway, preventing
release of cytochrome-c and activation of caspase-3/CPP32. Protective mechanisms
of lovastatin on MSCs also involve activation of cell survival signaling pathways,
such as PI3K/Akt and MEK/ERK?2. In vivo studies are needed now to confirm the
effects of lovastatin demonstrated in in vitro experiments. However, in vitro results
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suggest that MSCs preconditioning with lovastatin may support transplantation of
MSCs into damaged heart after myocardial infarction [13].

1.2.1.5 Oxytocin

Oxytocin is a neurohypophyseal neuropeptide, originally considered to be a preg-
nancy hormone produced primarily in paraventricular and supraoptic nuclei of the
hypothalamus. Recent literature however shows that oxytocin is also synthesized in
the heart. It acts via G protein-coupled receptors that are expressed mainly in
endothelial cells and cardiomyocytes [14—16]. Activation of oxytocin receptor in
the heart stimulates multiple cardioprotective reactions, e.g. negative inotropy and
chronotropy, parasympathetic neuromodulation, and release of nitric oxide.
Moreover, oxytocin receptor-specific signaling induces differentiation of embryonic
stem cells that have been shown to convert to cardiac muscle cells [14]. It has been
shown that pretreatment with oxytocin can enhance migration of umbilical cord
blood-derived MSCs (UCB-MSCs) via induction of matrix metalloproteinase-2 and
can increase MSC engraftment in the infarcted heart [17]. Moreover, oxytocin
pretreated UCB-MSCs express cardiac proteins, such as connexin 43 (Cnx43),
cardiac troponin I (cTnl) and o-sarcomeric actin (a-SA). Thus, oxytocin treatment
can stimulate MSC differentiation into cardiomyocytes and enhance cardioprotec-
tive function of transplanted MSCs in the infarcted heart [18].

1.2.1.6 Phorbol Myristate Acetate

Phorbol myristate acetate (PMA) is a protein kinase C (PKC) activator derived from
the oil of the seeds of the Croton plant, Crofon tiglium. It is widely used in
biomedical research, mainly in various models of carcinogenesis [19]. Song and
colleagues demonstrated that PMA induces MSC differentiation into cardiogenic
cells. MSCs pretreated with PMA expressed cardiac-specific markers, such as
cardiac troponin T (cTnT), myosin light chain (MLC), myosin heavy chain
(MHC) and connexin 43 (Cnx43) as well as cardiac-specific transcription factor
NkX2.5. They also expressed Ca®* homeostasis-related proteins and showed
adrenergic receptor signaling by norepinephrine. It has been shown that MSC
pretreatment with PMA prevented sudden death in rats after MSC transplantation
into infarcted hearts. This is due to better electromechanical synchronization of
cardiomyocytes derived from PMA-modified MSCs with surrounding cardiomy-
ocytes in host myocardium. Infarct hearts implanted with MSCs treated with PMA
exhibited restoration of conduction velocity as well as improved myocardial con-
tractility. Taken together, PMA treatment of MSCs represents a promising thera-
peutic strategy, because it enhances electromechanical integration of transplanted
MSCs with host myocardium [20].
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1.2.1.7 Tadalafil

Tadalafil belongs to the group of long-lasting phosphodiesterase 5 (PDES) inhibi-
tors and it has been proven to protect heart against ischemia/reperfusion injury [21].
Haider and colleagues demonstrated that tadalafil might be also used to improve
survival of MSCs in ischemic heart. Tadalafil pretreatment of MSCs protected
MSCs against oxidant stress and promoted their proliferative potential via
cGMP/protein kinase G (PKG) signaling. Moreover, treatment of MSCs with
tadalafil enhanced survival of MSCs during the acute phase in myocardial infarction
model in rats. Engraftment of tadalafil-pretreated MSCs subsequently supported
angiomyogenic response and protection of the ischemic myocardium. This resulted
in attenuated infarct size and preservation of LV contractile function indices [22].
Taken together, tadalafil may become an important component of stem-cell based
therapy for heart.

1.2.1.8 Trimetazidine

Trimetazidine (1-[2,3,4-trimethobenzyl]piperazine, TMZ) is an anti-ischemic drug
commonly used to reduce ischemia-induced metabolic damage [23]. TMZ inhibits
fatty acid oxidation and increases glucose oxidation rates during low-flow ischemia
in the heart. It acts by inhibiting long-chain 3-ketoacyl CoA thiolase, an enzyme
involved in B-oxidation of fatty acids. Studies by Wisel et al. demonstrated that
MSC preconditioning with TMZ significantly protected MSCs against H,O,-
induced loss of cellular viability, membrane damage, and oxygen metabolism.
Additionally, TMZ-treated MSCs exhibited higher levels of HIF-lo, survivin,
phosphorylated Akt, Bcl-2 protein level and Bcl-2 gene expression. Moreover,
transplantation of MSCs preconditioned with TMZ improved recovery of cardiac
function, decreased tissue fibrosis and led to up-regulation of pAkt and Bcl-2 in
infarcted heart [24]. Thus, TMZ preconditioning seems to be very effective for
MSC-based therapy for the repair of myocardial ischemic damage.

1.2.2 Mesenchymal Stem Cells Optimized via Cytokine
and/or Growth Factor Pretreatment

Cytokines and growth factors are known to affect MSC function and may modulate
efficacy of MSC-based therapy for heart diseases. Here we present effects of SDF-1,
Angl, IGF-1, TGF-a alone as well as the cocktail of FGF-2, IGF-1, BMP-2, and
interleukin-1f in combination with TGF-f on MSC survival and function in
damaged cardiac tissue.
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1.2.2.1 Stromal-Derived Factor 1 Alpha

Stromal-derived factor 1 alpha (SDF-1) is a member of the chemokine CXC sub-
family. Acting through G protein-coupled receptor CXCR4, SDF-1 plays an
important role in cell trafficking [25]. Pasha and colleagues demonstrated that
preconditioning with SDF-1 enhanced homing and proliferation of MSCs in
infarcted heart and promoted neovascularization and myogenesis. Moreover, pre-
conditioned MSCs secreted VEGF, which improved survival of MSCs under
ischemic conditions. The combined effect of SDF-1 treatment of MSCs resulted in
reduced infarct size and LV remodeling [26]. Taken together, preconditioning of
MSCs with SDF-1 represent an effective approach to minimize adverse effects of
ischemia on cell death and cardiac remodeling.

1.2.2.2 Angiopoietin-1

Angiopoietin-1 (Angl) is a proangiogenic growth factor that acts through the Tie2
receptor. Biological effects of Angl/Tie2 signaling include inhibition of apoptosis,
activation of endothelial cell migration, vessel growth and angiogenesis. It has been
shown that MSC preconditioning with Angl improved MSC survival both in vitro
and in vivo. This is due to activation of the PI3K/Akt signaling pathway, elevated
expression level of Bcl-2 and increased ratio of Bcl-2/Bax. Transplantation of
Angl-pretreated MSCs into infarcted heart resulted in reduction of infarct size and
better heart functional recovery, contributing later to improvement of heart function
[27]. Taken together, MSC preconditioning with Angl provides a promising
approach for enhancing MSC survival and can improve efficacy of MSC-based
therapy for ischemic heart diseases.

1.2.2.3 Insulin-like Growth Factor-1

Insulin-like growth factor-1 (IGF-1) is a hormone, primarily prodyced by liver. It
acts through two receptors, IGF-1R and IGF-2R, and helps to preserve tissues from
hypoxia, ischemia and oxidative stress [28]. Enoki and colleagues demonstrated that
IGF-1 increases adhesion and inhibits apoptosis in MSCs subjected to hypoxia via
activation of PI3K/Act signaling pathway. Moreover, IGF-1 added to transplanted
MSC suspension improved engraftment of MSCs in infarcted heart. This, in turn,
resulted in increased neovascularization and inhibition of host cardiomyocyte death,
and subsequent improvement of LV function and prolongation of survival [29].

1.2.2.4 Transforming Growth Factor-o

Transforming growth factor-o (TGF-a) belongs to the epidermal growth factor
(EGF) family of cytokines. It acts via EGF receptor and is a potent mitogen for
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epithelial cells and fibroblasts. It can also function as an angiogenic factor for
capillary endothelial cells. It has been shown that activation of the EGF receptor
increases MSC proliferation, migration and survival [30]. Thus, some studies
focused on TGF-a application in improvement of MSC-based therapy for cardio-
vascular diseases. It has been shown that TGF-a can stimulate VEGF secretion by
MSCs in vitro. Moreover, transplantation of TGF-a-pretreated MSCs directly into
myocardium in an ex vivo model of coronary artery ligation resulted in improved
LV function, reduced infarct size, lowered production of inflammatory cytokines
and apoptosis [31]. Similar results were obtained later in an in vivo model of
myocardial infarction [32]. One of the mechanisms of TGF-a-enhanced cardio-
protection may involve augmentation of VEGF production by TGF-o-pretreated
MSCs. TGF-a can also equalize VEGF production by adult and neonatal MSCs that
have different cardioprotective potential. It has been shown that neonatal MSCs are
less effective in the treatment of cardiovascular diseases than their adult counter-
parts. Taken together, TGF-a treatment of MSCs can be beneficial for heart disease
treatment, especially when the number of available autologous, adult MSCs is
limited, such as in congenital heart disease [33].

1.2.2.5 Bone Morphogenetic Protein-2, Fibroblast Growth Factor-2
and Insulin-like Growth Factor-1 Cocktail

Bone morphogenetic protein-2 (BMP-2), fibroblast growth factor-2 (FGF-2) and
insulin-like growth factor-1 (IGF-1) are well known growth factors involved in
heart development, cell differentiation into cardiomyocytes and regulation of sur-
vival and proliferation of cardiac stem cells. Hahn and colleagues demonstrated that
MSCs cocultured with cardiomyocytes and pretreated with these growth factors
better differentiated into cardiomyocytes, had higher level of connexin 43 expres-
sion and created better intracellular connections with cardiomyocytes. Moreover,
transplantation of BMP-2, FGF-2 and IGF-1-pretreated MSCs enhanced formation
of gap junctions, improved cell survival in infarcted myocardium, reduced infarct
size and improved LV function [34]. Taken together, pretreatment of MSCs with
this cocktail of growth factors might increase efficacy of MSC transplantation and
its therapeutic effect in the infarcted myocardium.

1.2.2.6 Interleukin-1p and Transforming Growth Factor-f
Combination

Interleukin-1p (IL-1p) is a proinflammatory cytokine involved in immune defense
against infection. It has been shown that IL-1 is also involved in angiogenesis as it
promotes VEGF secretion from various types of cells including MSCs. The effect of
IL-1B on VEGF secretion from MSCs can be enhanced by cotreatment of MSCs
with IL-1B and transforming growth factor-B (TGF-B), a multipotent cytokine
associated with angiogenesis and anti-inflammatory effects [35]. Transplantation of
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IL-1B and TGF-B-pretreated MSCs into heart improved recovery of myocardial
function after acute ischemia and reperfusion injury in the Langendorff model.
Importantly, MSC pretreatment with these two cytokines may lower the treatment
dose for each of them. This, in turn, keeps the proinflammatory effect of IL-1
application on the cardiac environment at a low level. Taken together, cotreatment
of MSCs with IL-13 and TGF-J represent an effective strategy to improve angio-
genesis in infarcted heart.

1.2.3 Future Directions

One of the recently tested strategies to improve efficacy of MSC transplantation into
infarcted heart is based on coating MSCs with myocardial infarction-specific
peptides. These peptides are found by phage display technology and synthesized
with a palmitic acid tail to facilitate their integration into cell membrane. It has been
shown that “painting” MSCs with myocardial infarction-specific peptides can
increase MSC localization in infarcted myocardium [36]. Thus, this strategy may be
very efficient to improve efficacy of MSC transplantation.

1.3 Preconditioned Media

Preconditioning media are currently used to improve post-injection cell survival by
adopting them to hostile conditions of infarcted myocardium. Factors such as
inflammation, acid microenvironment, hypoxia, ischemia and mechanical pressure
are deleterious regarding cell function. Increasing stress condition tolerance prior to
cells application seems to be an effective method to improve therapy outcomes.

1.3.1 Hpypoxia

Stem cells exposed to hypoxic conditions show defective function in the range of
proliferation, differentiation and effectiveness. Moreover, during stem cell admin-
istration into infarcted myocardium part of transplanted cells die as a consequence
of low oxygen level. Reduced concentration of oxygen during stem cells culturing
may affect survival of the stem cells after administration into infarcted region [37].
Studies indicate that initial in vitro hypoxic preconditioning of MSCs determine
post-application enhanced survival and differentiation capability into cardiovascular
lineage in comparison to not preconditioned MSCs. The best results were observed
when duration of hypoxic stress least 24 h [37]. Yan et al. reported that hypoxic
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preconditioning performed on c-kit" CPCs culture acts by activation of
SDF-1a/CXCR4 axis signaling pathway. In consequence, in vitro, it increases
expression of pro-survival genes, improves migration ability and shows
anti-apoptotic function, especially after 6 h of hypoxic pressure. Furthermore,
improvement in cardiac function was observed after administration of hypoxia
preconditioned c-kit" CPCs into myocardial infarction (MI) area in mice [38]. It
was also indicated that hypoxia-induced factor 1 (HIF-1) is activated in response to
low concentration of oxygen [39]. Several research groups showed that in highly
hypoxic microenvironment HIF-1 concentration increases and promotes releasing
of pro-angiogenic and pro-vasodilatory factors: VEGF-ao and its receptor Flk-1
(Fetal Liver Kinase 1), Ang-1, Epo, EpoR as well as nitric oxide synthase. The
process of myocardial angiogenesis stimulation ensure better blood flow in
infarcted region and enhance regenerative abilities [37, 39, 40]. Moreover, in vitro
and in vivo data showed that survival rate of hypoxia-preconditioned MSC was
considerably improved in comparison with that cultured under normoxic conditions
[40]. Chacko et al. [37] demonstrated that MSCs cultivated initially under 0.5%
hypoxic conditions were better protected against apoptosis when exposed to 0.1%
oxygen comparing to MSCs that were not preconditioned. This fact may be also
determined by hypoxia-enhanced release of Bcl-xL and Bcl-2 anti-apoptotic pro-
teins. Moreover, the studies show that hypoxic preconditioning increases level of
pro-survival molecule pAkt [37] and up-regulates above-mentioned Bcl-2 and
Bcl-xLL molecules [40]. The strategy of using hypoxic environment to favorably
modify MSCs activity may bring positive results in functional recovery after ML
The effects of hypoxic preconditioning on MSCs may be achieved by: enhancing
survival of transplanted MSCs, stimulation of cytokines production, supporting
endothelial differentiation of MSCs and enhancement of pro-angiogenic potential
[40, 41]. To confirm the hypothesis that hypoxic preconditioning increases the
effect of transferred MSCs by reducing apoptosis in vivo study was performed.

1.3.2 Mechanical Stretching

In the physiological conditions cardiac muscle cells are continuously subjected to
changeable forces during systole and diastole. Heart contraction cycle is associated
with dynamic mechanical stress changes, which influences maturation, differenti-
ation and soluble factors secretion potential of cardiac stem cells. In consequence it
regulates cell number ensuring proper cardiac function. The fact of mechanical
stretching influence on stem cells activity has direct implications in therapeutical
strategies. Current investigations concentrate on determining optimal characteristics
of stretch conditions. Studies suggest that stretch acts bi-directionally, both posi-
tively and negatively, upon the stem cells through: (1) suppression cells prolifer-
ation and induction of apoptosis, (2) promotion of adhesion and inflammatory
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molecules expression, (3) induction of pro-angiogenic growth factors and
hypertrophy-associated molecules release (4) increasing expression of cardiomy-
ocytes and smooth muscle cells specific markers (5) modulating MSCs fate
[42, 43]. Mechanical stretching may strongly inhibit maturation of cardiomyocytes
both through raising apoptosis and decreasing proliferation. 24-hour analysis of
MSC:s culture under mechanical stress stimulation shows considerable reduction of
Ki-67" cells number in comparison to static conditions. As aforementioned,
physiological mechanical stretching regulates cardiac cells number, allowing proper
functioning of the heart. Nevertheless, from a therapeutical point of view,
intra-myocardial contraction forces seems to have negative impact on stem cell
therapy outcomes due to impaired survival of transplanted stem cell [43]. On the
other hand, cyclic mechanical stress effect localization of gap junctions and
increases expression of adhesion molecules [i.e. integrin-B1 and focal adhesion
kinase (FAK)]. It may suggest beneficial effect of stretching on MSCs by
empowering MSCs stabilization in the cardiac microenvironment [43, 44]. The
cytokine molecules profile under stretching stimulation in comparison to static
group shows significantly increased concentration of II-6 and Il-1B, whereas
unchanged level of IGF-1, HGF, SDF-1a, and TGF-B1. Moreover, process of
stretching may induce angiogenesis, through increasing secretion of VEGF and
bFGF. It was indicated that in the group with pre-conditioning stretch factor the
level of mentioned molecules arise almost 2-fold and 30-fold, respectively, in
comparison to control group [43]. A positive correlation between mechanical stress
and level of cardiac troponin-I and smooth muscle actin expression was admitted
nevertheless, the number of c-kit™ stem cell was strongly diminished. These results
indicates that although survival of cardiac stem/progenitor cells is lower under
mechanical pressure, stretching may enhance differentiation and maturation of stem
cells towards cardiovascular lineage [43]. It was also demonstrated that mechanical
forces may affect stem cell fate, through altering their shape, size and alignment
[45, 46]. Engler et al. indicated that different elasticity of the matrix used for cell
culture may guide hMSCs fate. It is possible due to mechanosensitive properties of
hMSCs, which sense forces acting in surrounding microenvironment. In order to
direct hMSCs differentiation towards myogenic cells, 8—10 kPa of matrix elasticity
was required, which corresponds to elasticity specific to the heart. This finding
shows that proper dynamic stimulation and adjustment of matrix mechanics can
maximize differentiation of stem cells into specific lineage and improve regenera-
tive properties hMSCs [45]. It is postulated that stretching regulates hMSCs
behavior by modulating integrin signaling pathways responsible for self-renewal
and differentiation. Moreover, there are following pathways involved in mechano-
transduction: Ras/MAPK, PI3K (phosphatidylinositol 3-kinase)/Akt, RhoA/ROCK,
Wnt/B-catenin. Additionally, Margadant and Sonnenberg suggested relationship
between mechanical stretch and TGF-B factor activation which, besides its
inhibiting properties upon the cell proliferation, affect aforementioned signaling
pathways and determine cells destiny [45].
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1.4 Application of Injectable Hydrogels
for Cardiovascular Disease Treatment

Hydrogels are considerably attractive candidates for direct intra-myocardial deliv-
ery systems of cells or/and bio-agents. Chemically, they are a highly hydrated
network of synthetic or naturally-derived polymer chains.

Synthesis of clinically-desirable hydrogel requires implementation of medical
and bio-engineering concepts. Both physical and chemical parameters must be
properly adjusted to obtain effective and biologically compatible final products.

Currently, advanced engineered biomaterials are programmable towards the
following properties: (1) elasticity and rigidity, (2) mechanical-force-induced
deformability, (3) rheology (4) porosity, (5) electrical charge and conductivity,
(6) hydration level, (7) internal void function, (8) molecular weight-dependent
cutoff for in-out diffusing particles, (9) gelling dynamics, (10) swelling,
(11) stimuli-responsiveness, (12) degradability, (13) oxygen permeability,
(14) bio-agent release kinetics, and (15) cell adhesion level.

Due to many advantageous properties they might be a key for successful cardiac
regeneration therapy. Preformed in vitro, first generation hydrogels have been tested
in animal studies giving encouraging results. Primarily, implantable cell- and
agent-free hydrogels showed to be an effective method to support mechanical
function of the injured heart. Furthermore, an addition of bioactive compounds as
well as cells empowered functionality. Nevertheless, from the clinical perspective,
application of the preformed hydrogel requires invasive surgery limiting their
usability. In addition, animal tissue-derived hydrogels cannot be translated into
humans due to xenographic origin and lack of immunological neutrality.

Overcoming this limitation, naturally-derived and synthetic matrices have a
potential to become a clinically-relevant solution. Additionally, an emerging inno-
vative strategy—in situ polymerizing hydrogels have been developed [47-56]
allowing injection of the liquid content via a less invasive catheter-based approach.
Post-injection, directed by cardiac mechanical forces, they adapt themselves to
myocardial shape and polymerize providing mechanical support to the heart and
anchorage for injected cells [57]. In context of co-applied bioactive factors,
hydrogels are an advantageous delivery system with controllable compound release
kinetics. Interestingly, Zouein et al. postulated scavenging function of the locally
injected hydrogels. According to the authors, in situ-polymerized scaffolds may
entrap apoptotic and necrotic cells limiting the release of ‘pro-inflammatory danger-
associated molecular patterns (DAMPS)’. Furthermore, reduction of local molecular
stress can increase cardiomyocytes survival and improve contractile function [58]. It
is worth to note that a novel, in situ favorable microenvironment/niche generation
hypothesis has also been postulated. In this context, hydrogel-induced vascular-
ization accompanied with specific local chemokines release profiles promote cir-
culating stem/progenitor cells homing into damaged myocardium [59].
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1.4.1 Biomaterial Library

Basically, there are two types of backbone polymers for hydrogel generation:
naturally-derived (i.e. fibrin, alginate, chitosan, hyaluronic acid, gelatin) and syn-
thetic (i.e. pNIPAM, PCL, PLGA, HEMA, MPEG). Moreover, to improve scaffold
functionality, mixed natural-synthetic as well as natural/synthetic co-polymers
matrices have been synthetized. Selection of polymer type and ratio between
hydrogel components seems to play a pivotal role. For example, by incorporating
specific biomaterials it is possible to optimize physical and chemical characteristics
as well as tune cell adhesion due to material-specific cell responses.

Hydrogels of natural origin possess domains which can guide cellular fate.
Furthermore, they already have bio-active function and of more importance they are
fully biodegrade under physical conditions. Animal-based studies show that natural
injectable hydrogels improve cardiac function and enhance neovascularization
[60—-64]. The major limitation of this biomaterial group is low physio-chemical
modification possibility.

On the other hand, synthetic polymers offer superior control over scaffold
composition and structure. Moreover, new generation of so called ‘smart bioma-
terials’ is an advanced method for spatio-temporal regulation of cell/bio-agent
behavior. Triggered by internal [local myocardial microenvironment (i.e. pH,
temperature)] or external (i.e. magnetic field) stimuli these highly functional scaf-
folds alter properties allowing remote control over the scaffold.

In the following section we would like to review current studies regarding
desirable hydrogels for routine clinical use in the field of cardiology.

There are three major approaches in regard to hydrogels for cardiac tissue
regeneration: (1) cell containing injectable biomaterials, (2) acellular scaffolds with
incorporated bio-agents, (3) co-application of cells and bio-agents.

1.4.2 Cellular Injectable Biomaterials
1.4.2.1 Natural Biomaterials

Fibrin

Fibrin, an insoluble coagulation factor, is an important candidate for an injectable
self-assembling biomaterial for heart regeneration. Due to its natural origin, it does
not require additional modifications to allow cell adherence and localized action
[51]. In vivo, when applied along with cells, it gives homogenous cell distribution,
sufficient seeding efficacy and hypoxia protection increasing cell survival rate [65,
66]. Moreover, fibrin’s F XIII content enhance stem cell migration and proliferation
[67]. In conjunction with skeletal myoblasts it improves cell survival and attenuates
harmful left ventricular remodeling [50]. Moreover, in combination with
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endothelial [55, 68], bone marrow mononuclear (BMMCs) [56], c-kit*/Sca-1* bone
marrow-derived cardiac stem (BMCSCs) [65] and adipose-derived stem cells [69]
fibrin glue appeared to enhance new blood formation within the post-infarction
scare [55, 56, 65, 68, 69] as well as have a positive impact on hemodynamic
parameters (LVEF) [55, 69]. Importantly, Guo et al. [65] demonstrated that
intra-myocardially transplanted BMCSCs express cardiac troponin I and connexin
43 which were located between injected BMCSCs and recipient cardiomyocytes
that may suggest graft integration. Furthermore, fibrin gel can be modified and
optimized to improve its functionality [51, 70-72]. In future, human autologous
plasma-derived fibrinogen and thrombin might be utilized to generate a fully
immunocompatible in situ delivery platform.

Chitosan

Chitosan, a chitin-derived biodegradable co-polymer, consists of N-acetyl-
glucosamine and N-glucosamine subunits [73]. Co-application of injectable chi-
tosan hydrogel along with stem cells shows promising results towards damaged
heart regeneration. Lu et al. [47], and more recently Liu et al. [74] fabricated in situ
thermo-gelling scaffolds containing chitosan and embryonic stem cells or
adipose-derived mesenchymal stem cells (ADMSCs) respectively. Both groups
found beneficial effect on cardiac function, neovascular formation, wall thickness
and infarct size. Interestingly, in both studies cardiac phenotype of differentiating
stem cells was observed [54, 74]. Moreover, the chitosan-ADMSC construct
improved hemodynamic function (left ventricular end-diastolic pressure) and
reduced apoptosis. It is noteworthy that self-injected chitosan enhanced c-kit* cells
home into myocardium. Liu et al. proposed that it might be associated with reactive
oxygen species scavenging by chitosan hydrogel and increased expression of
ICAM1 and VCAMI on the stem cell surface as well as SDF-1 retention within
the scaffold. The same research group suggested another advantage feature of
chitosan—its cationic character which allows electrostatic interaction with anionic
native ECM’s glycosaminoglycans and proteoglycans that may improve
myocardium-hydrogel integration [74].

Hyaluronic acid

Hyaluronic acid (HA), a non-proteoglycan polysaccharide, is an important element
of extracellular matrix providing tissue turgor force which resists compression. In
context of cardiac ECM, it regulates cell adhesion and activity (motility, gene
expression, intracellular signaling) [75] by cell surface HA receptor (CD44)
interaction [76]. Recently, Chang et al. reported applicability of intra-myocardially
injected hyaluronic acid-human blood hydrogel containing cardiosphere-derived
cells. Both scaffolds components have adhesion motifs for co-applied cells trig-
gering pro-survival pathways. Moreover, HA and lysed blood are able to enhance
angiogenesis, vasculogenesis and cardiogenesis. Noteworthy, HA is enzymatically
degraded by hyaluronidases and proteases naturally present in the cardiac tissue
[77, 78]. In another study, MSC-hyaluronian hydrogel was pre-formed and
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cultivated for 3 weeks prior to intramyocardial injection into an infarcted region.
Interestingly, after 14 days post application, cells migrated to the border zone
increasing neovascularization and reducing fibrosis within scar area [79]. It is
important to note however that HA-based carrier system might not provide favor-
able environment for encapsulated cells due to high hydrophilicity that alters native
cell morphology [80].

Collagen

Collagen I and III are major components of myocardial ECM. Respectively, they
provide rigidity and elasticity contributing to proper heart contractility. Preformed
rat-tail collagen-based hydrogel in combination with human MSCs was shown to be
cell-protective and to support MSCs growth and migration when injected subcu-
taneously. Matrigel, a mouse sarcoma cell-derived ECM composed of collagen,
mixed with ESCs and injected intra-myocardially increases fractional shortening
and regional contractility. Moreover, it promotes ESCs differentiation into a
cardiomyocyte-like phenotype. Nevertheless, from a clinical perspective, Matrigel
cannot be used in humans due to its origin but studies indicate collagen function-
ality. The observation from animal-based comparative studies regarding collagen I
hydrogels carried out by Dai et al. [81] and Huang et al. [62] show strong influence
of substrate concentration (65 mg/ml and 1 mg/ml, respectively) on new blood
vessel formation processes. The first group found almost no angiogenesis, whereas
the second increased vascular formation. To avoid immunogenic complications,
commercially available recombinant and human tissue-derived collagens have a
potential to be used as injectable scaffolds for cell transplantation in humans.

Alginate

Alginate is another one potential substrate which has favorable characteristics for an
injectable delivery platform. Chemically, it is the anionic polysaccharide biopolymer
which gels in the presence of divalent cations. Injected alone into infarcted region
helped maintain ventricular diameter and function up to 2 months
post-administration [49, 52]. Recently, Acarregui et al. [82] presented in situ
applicable alginate-based hydrogel for erythropoietin-secreting C,C;, myoblasts
delivery. Apart from stimulation of hematopoietic system, erythropoietin (Epo)
enhances angiogenesis and chemotaxis, inhibits apoptosis, and acts as a pro-survival
factor [83]. Injected subcutaneously, in situ formed gel shows pro-angiogenic
function but, unfavorably, acting systemically, increased hematocrit level [82].

Naturally-derived Composites

Mixture of hyaluronic acid and gelatin in the commercially available HyStem
product was demonstrated to be an effective approach for cardiac regenerative
medicine. Prestwich et al. co-injected HyStem hydrogel and human cardiosphere-
derived cells (CDCs) that resulted in improved left ventricle ejection fraction, wall
thickness and cell engraftment (6 vs. 1% for CDCs + hydrogel and CDCs + buffer
at 3 weeks, respectively) [84]. MSCs incorporated in self-forming HA-collagen
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hydrogel (conjugated by electrostatic interaction), was shown to support cell sur-
vival and proliferation with stable protein release at 1 month in vitro. These results
indicate applicability of the system for intra-myocardial delivery of cells as well as
therapeutic agents. Noteworthy, physical properties (i.e. tensile module) can be
adjusted using carbodiimide chemistry that is important regarding heart muscle
contraction support [85]. Dahlmann et al. [86] reported fully defined cross-linkable
alginate-HA hydrogel for myocardial tissue engineering. Addition of human col-
lagen 1 and utilization of low cell-damaging cross-linking strategy based on
hydrazine bonds created (1) cytocompatible, non-toxic and biodegradable,
(2) physically and mechanically stable, (3) individually shapeable, and (4) easy
adjustable hydrogel for therapeutic application in cardiology. In the same study,
co-application of HA and collagen I gave preferable functional constructs regarding
biophysicochemical properties—active contraction forces, improved active and
passive tension, individual shapeability, cytocompatibility [86]. Nevertheless,
pre-clinical study is needed to characterize its properties in living organisms. More
complex, in situ thermo-sensitive chitosan/nano-hydroxyapatite/collagen composite
was mixed with BMSCs and injected subcutaneously showing biocompatibility,
and supporting cells proliferation. Moreover, incorporation of stem cells reduced
local inflammatory response in comparison with hydrogel alone [87]. According to
Le Visage et al. application of pullulan/dextran injectable hydrogel with MSCs
promotes cellular engraftment and scaffold integration, inhibits fibrosis, and reduces
left ventricular dilatation [88]. Furthermore, dextran microspheres incorporated in
hyaluronian-based hydrogel showed to improve adipose tissue-derived stem cell
survival in vitro [80]. Adipose tissue-derived stem cells (ASCs) mixed with genipin
cross-linked alginate-chitosan hydrogel was demonstrated by Paul et al. As
reported, the scaffold supports cell viability and growth, gives immunoprotection
and is favorable for long-term storage. In is worth to note that ASCs showed
constant VEGF secretion of ~4.6 ng over 2 weeks with further 3.8-fold increase
when preconditioned with hypoxia conditions [89].

1.4.3 Synthetic Biomaterials

Towards creating a biomimetic delivery system, metalloproteinases-degradable p
(NIPAAm-co-AAc hydrogel was mixed with BMSCs showing positive mechanical
support of LV and enhanced cell survival when applied intra-myocardially (38% of
injected cells were present after 6 months). When cells were applied alone there
was only transient LV function improvement and cells were not present in myo-
cardium in long-term observation [90]. Regarding LV hemodynamic function,
BMSCs were shown to be effective when co-utilized with Dex-PCL-HEMA/
PNIPAAm. Additionally, cell-hydrogel construct triggered neovascularization and
reduced scar expansion, thus attenuating LV dilatation [91]. In another study Wang
et al. demonstrated oligo(poly(ethylene glycol) fumarate—OPF functionality when
the hydrogel was injected into myocardium with ESCs. Biomaterial alone as well as
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hydrogel + ESCs showed to be advantageous, improving heart function and
reducing infarct area. Furthermore, addition of cells had the most potent impact on
local neovascularization and reduction of MMP-2 and MMP-9 level comparing to
hydrogel or ESCs applied individually [92]. To test cyto-toxicity and biocompat-
ibility, Wu et al. designed MPEG-PCL-MPEG triblock polymer which was com-
bined with MSCs. However not tested in vivo, rapid solidification of the hydrogel
makes it clinically-relevant for in situ cell delivery because the scaffold showed to
be well tolerated after injection [93]. Applicability of similar construct
(«CD/MPEG-PCL-MPEG) hydrogel prevents LV remodeling and improves LV
hemodynamic function [94].

Apart from above described synthetic polymers, self-assembling peptides are an
emerging source for in situ cardiac tissue engineering. Peptide hydrogels are
comprised of ionic self-organized oligopeptides forming interlacing nanofibers
(diameter 10-30 nm) [95]. Spontaneous chemical-free sol-gel transition occurs in
physiological conditions thus giving an opportunity to deliver cells in harmless
manner. Self-assembling peptide degradation products are natural amino acids
which can be easily metabolized. Importantly, this new class of scaffolds are
non-toxic, non-immunogenic, pathogen-free, biocompatible, and cardiac ECM
size-adequate making them ideal candidates for cardiac tissue engineering [96]. It
has been shown that c-kit"/Nkx2.5" rat bone-marrow derived mesenchymal stem
cells (BMMSCs) mixed with self-assembling RAD16-II nano-polypeptide signifi-
cantly improve heart hemodynamic parameters and decrease infarct size comparing
to BMMSCs alone in acute myocardial infarction model [97]. In addition, incor-
poration of adhesion motifs (i.e. RGD, RGDSP, IKVAV, YIGSR) allows further
post-injection cell behavior control, improves hydrogel integration with native
tissue, and has cyto-protective function [48, 98]. Guo et al. [48] demonstrated
co-application of c-kit"/Nkx2.5'"/GATA4"" BMMSCs with RGDSP-attached
RADAL16 peptide hydrogel. An applied cell-nanofiber construct was beneficial
regarding cardiac function and infarct size.

1.4.4 Acellular Injectable Biomaterials

The body of studies strongly suggests that paracrine effect is responsible for stem
cell therapeutic effects. Injectable gels containing favorable biological agents seem
to be a promising toolbox for the treatment of cardiovascular diseases.

1.4.4.1 Natural Biomaterials

Alginate

Ruvinov et al. introduced sulfate-modified alginate hydrogel enriched with
HGF and IGF-1 obtaining a well-controlled intra-myocardial delivery system.
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Interestingly, different matrix binding affinity of bio-agents and release kinetics
(IGF-1 > HGF) resulted in a sequential factor delivery into surrounding cardiac
tissue. Moreover, electrostatic interaction between negatively charged sulfate
compounds and incorporated GFs provided localized and prolonged release of the
active bio-agents. Sulfate-modified alginate gel also had protein protective function
against proteases enhancing HGF/IGF-1 action in situ. Comparing with separately
administered factors, a mixture of HGF and IGF-1 was superior regarding forma-
tion of mature vessel within the infarcted area and stabilization of post-infarction
scar. Furthermore, IGF-1-mediated GATA-4" cell cluster number increase might
suggest cardiogenesis [99]. Similarly, Hao et al. composed VEGF-A 45 (angio-
genesis initiator) and PDGF-BB (responsible for vessel functionality) containing
hydrogel which was delivered in the peri-infarct region. Increased number of new
and important mature blood vessels was reported as contributing to improved
cardiac function [100]. In the presented study, a dual growth factor delivery system
seems to regulate the angiogenesis process in a more physiological fashion and,
importantly, counteracts angioma formation in myocardium as observed when
VEGEF is applied individually [101].
Fibrin
Reported by Christman et al. incorporation of pleiotrophin plasmid into preformed
fibrin hydrogel showed to be an effective method to enhance neovasculature for-
mation in the ischemic heart in comparison with injection of plasmid only [102].
An interesting solution was demonstrated by Jeon et al. [103] where stable and
prolonged bFGF delivery was achieved by generation of heparin-fibrin gel using
fibrinogen and thrombin. It was shown in vitro that bFGF release kinetics is
inversely proportional to the aforementioned component concentration. Moreover,
using ischemic limb model, bFGF-loaded fibrin gel contributed to more than a
2-fold capillary density increase, in coparision with control. Similarly, Yang et al.
introduced heparin-conjugated fibrin hydrogel loaded with bFGF in an ischemic
limb model. Results show significant neovascularization, reduced muscle fibrosis
and limitation of local inflammation intensity [104]. Applicability of genetically
modified VEGF along with fibrin glue was also shown to be an effective scaffold
for in vitro human endothelial cell growth. Even though it’s not been tested in vivo,
authors indicate that fibrin-VEGF as a delivery system could be useful for ischemic
heart disease treatment [105].

Gelatin

Gelatin-bFGF injectable gels were used in chronic [106-108] and acute [109]
MI animal models. Results show enhanced angiogenesis in the infarct region
[106-108, 110] as well as improved hemodynamic function of the heart and reduced
left ventricular remodeling [106, 108, 109]. Moreover, data presented by Sakakibara
et al. [110] suggest bFGF-induced favorable micro-environment formation for
sequentially injected cardiomyocytes where preformed local vascular niche
improved cell survival. To induce new and mature blood vessel formation gelatin
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microcapsules were combined with IGF-1 and VEGF. Furthermore, a significant
reduction of apoptosis, increase of eNOS synthesis, and improved heart contractile
function and diminished left ventricular remodeling was observed in comparison
with individually applied gelatin, gelatin + IGF-1 and gelatin + VEGF [111].

Chitosan

Temperature-responsive chitosan-bFGF hydrogel was used as an in situ delivery
system for MI treatment in rats. Post intra-myocardial administration biomaterial
helped to enhance angiogenesis as well as improved ventricular hemodynamics
parameters and reduced deleterious LV remodeling process. The presented example
shows human-applicable gel with a triggering mechanism. At body temperature,
bFGF-containing chitosan solutions polymerize forming in situ a gel which allows
local and slow-release of the bio-agent [112]. Angiogenic potential of chitosan-
heparin-bFGF-2 hydrogel was also demonstrated by Fujita and colleagues. Improved
blood flow was observed in an ischemic limb model after matrix injection [113].

Naturally-derived Composites

Co-application of chitosan and alignate with placental growth factor (PIGF) was
presented by Binsalamah et al. PIGF showed to be an angiogenesis stimulant
resulting in improved cardiac function. In the settings of myocardial infarction
PIGF-enriched alginate-chitosan nanoparticles were injected into myocardium with
the following results: improved left ventricle function, increased vascular density,
decreased scar area, reduced serum pro-inflammatory cytokines concentration
(mainly TNF-a, IL-6), and increased serum anti-inflammatory IL-10 concentration
[114]. Recently, heparin-based coacervate (including nontoxic polycation syn-
thetized from alginate, aspartic acid, glycerol and ethylene glycol) was applied in
conjugation with FGF-2 for myocardial infarction treatment. In contrary to FGF-2
delivered alone, coacervate-FGF-2 construct had anti-fibrotic, cardiomyocyte
pro-survival and a neovascularization effect at 6 weeks post-injection. Moreover,
echocardiographically, a combination of bio-agent and coacervate was superior
regarding heart contractibility and remodeling inhibition [115]. Intra-myocardial
injectability of chitosan-collagen construct along with angiopoietin-1 derived
peptide, QHREDG, was recently proven by Reis et al. [116] however, no functional
studies upon injection were carried out.

1.4.4.2 Synthetic Biomaterials

Hydrogels based on thermo-sensitive poly(N-isopropylacrylamide), pNIPAM, are
promising candidates for in situ delivery systems. In aqueous solution
below ~ 32 °C (LCST; lower critical solution temperature) pNIPAM remains in a
soluble state but above the LCST it forms a hydrogel. Interestingly, thermally
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induced phase transition can be adjusted by the incorporation of hydrophilic and
hydrophobic monomers [117], providing an opportunity to create a human body
temperature-responsive biomaterial. Apart from gelling temperature control,
incorporation of other polymers allows mechanical properties tuning. Recently,
temperature- and pH-responsive injectable hydrogel (p[NIPAAm-co-PAA-co-BA])
was demonstrated by Garbern et al. The construct was designed to form a gel at
37 °C and pH 6.8 thus, applied into acidic microenvironment of ischemic myo-
cardium allowed prolonged, spatio-temporal controllable delivery of bFGF. Within
1 week, bio-agent retention was 10 times higher when co-injected with hydrogel in
comparison to saline. In addition, there was a significant increase of neovascular-
ization (~ 35%), relative blood flow (2-fold), and fractional shortening in the infarct
region observed in polymer + bFGF treated animals as compared to separately
applied ingredients [118]. Implanted intra-myocardially, preformed supramolecular
hydrogel composed of «CD/MPEG-PCL-MPEG and recombinated human ery-
thropoietin (thEPO) was presented by Wang et al. Inhibition of apoptosis, infarct
size limitation, empowered cardiac function and increased neovascularization was
reported in comparison with the results of using either bio-agent and placebo alone.
Importantly, there was no post-application [119]. In the study carried out by He and
colleagues, HMBG1 (RAGE receptor binding cytokine) was used in combination
with thermo-sensitive Dex-PCL-HEMA/PNIPAAm hydrogel. Analyzing the results
of applying either agent individually, HMBGI + copolymer was superior in
a-sarcomeric/MEF2C™, c-kit"/Ki67* and o-sarcomeric/Ki67* cell number increase.
Moreover, cardiac function improvement and collagen content reduction was
observed within infarction area when cytokine was applied with hydrogel [120].
Another in situ thermo-responsive gelling biomaterial designed for cardiac repair is
PVL-b-PEG-b-PVL hydrogel along with VEGF. With phase transition point set at
37 °C this delivery system was beneficial regarding hemodynamic heart function as
well as improved new blood supply within infarcted area after 1 month. Likewise
thermo-responsive  polymers described above, metalloproteinase-sensitive
PEG-vinyl sulfone-functionalized hydrogel with adhesion ligands for a,B; and
o5PB; integrins and thymosin B4 (Tp4) was designed for cardiac regeneration. The
adhesion ligands and T4 play pivotal roles in cardiovascular development as well
as have pro-survival function, respectively. MMP-triggered scaffold degradation
resulted in full biomaterial disappearing 6 weeks post-injection with no immuno-
logical reaction. When compared with placebo and gel-only group, gel + Tp4
showed to be significantly advantageous regarding LVEF improvement [121].
Multiblock copolymer (MBCP-2) synthetized from tripblock PEG-PEG-PEG
polymer (Pluronic® P104) was conjugated with VEGF plasmid. Dual pH and
temperature triggering system allowed formation of the gel at physiological con-
ditions and scaffold degradation in an acidic environment of ischemic myocardium.
Furthermore, VEGF gene transfer in a polymeric hydrogel resulted in enhanced
angiogenesis by increasing capillary density with larger vessel formation
[122, 123]. Application of Pluronic® F-127 (PEO-PPO-PEO triblock copolymer) in
addition of Capryol 90 (propylene glycol monocaprylate) generated injectable
thermogelling copolymer with nanoparticle-combined VEGF. Presented delivery
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platform applied in the subacute MI rat model resulted in ejection fraction and
cardiac output improvement [124]. Injectable starPEG-based heparin hydrogel in
combination with a proteolytic-resistant SDF-1o variant, AAV-[S4V]-SDF-1a, is
also a potential candidate for infarcted myocardium regeneration treatment via
recruiting CXCR4" stem cells. So far, an in vitro experiment shows enhanced early
endothelial progenitor cell migration guided by a chemoattractant gradient [125].

1.4.4.3 Self-assembling Peptides

RADI16-1II self-assembling peptide was shown to improve cardiac parameters when
conjugated with biotinylated IGF-1 [126] and PDGF-BB [127] via Akt signaling
activation associated with pro-survival and anti-apoptotic function. Furthermore,
application of protease resistant SDF-1o induced neovascularization, creating local
supportive milieu with a following CXCR4*/c-kit* stem cell recruitment. VEGF 45
chemokine incorporated into self-assembling nanofibers significantly increased
neovascularization and importantly, created vascular niche attracting
cardiomyocyte-like cells [59]. Additionally, Guo et al. used peptides which
self-assemble under physiological conditions and fused them with heparin-binding
domain sequence LRKKLGKA to obtain prolonged (1 month) VEGF delivery
system. This novel strategy enhanced angiogenesis and improved cardiac function
comparing with components applied individually [128]. Regarding utilization of
heparin-presenting self-assembling injectable nanofibers, Webber et al. demon-
strated incorporation of VEGF and bFGF chemokines into a heparin-presenting
nanoscaffold. The results show that in a rat ischemic limb model, the presented
strategy was effective to induce neovascularization [129].

1.4.4.4 Natural-Synthetic Biomaterials

Bio-conjugation and subcutaneous application of hydrogel composed of PEGDA,
thiol-modified analog of heparin, HA or chondroitin along with bFGF resulted in
enhanced neovascularization. Noteworthy, heparin concentration was an important
factor determining bFGF release kinetics (slower release with higher concentra-
tion). Regarding adjustment of gel physical properties, biopolymer composed of
chitosan mixed with multi-walled carbon nanotubes (MWNTs) had significantly
improved hydrogel strength (by 99% by addition of only 0.8 wt% of MWNTs)
[130]. However not tested in vivo, Lee et al. used injectable alginate hydrogel along
with PLGA microspheres bioconjugated with heat shock protein 27 (HSP27) fused
to a transcriptional activator TAT. The researchers showed that this delivery plat-
form allowed controllable and prolonged HSP27-TAT release kinetics.
Furthermore, under hypoxic conditions the construct had potential to restore car-
diomyoblasts proliferation [131].

Preliminary in vitro studies on thermo-sensitive PNIPAAm/alginate mixture
with human BMSCs showed that the bio-construct is capable of preserving the
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viability of entrapped cells and in promoting cell proliferation. In addition, the
hydrogel degradation rate could be modified and adjusted by PNIPAAm modifi-
cation. Recently, Purcell et al. demonstrated HEMA-modified in situ-forming HA
hydrogel with recombinant SDF-1a to promote engraftment of circulating BMCs
into infarcted myocardium. In vivo, comparing to SDF-la alone, addition of
scaffold resulted in ~ 8.5-fold increase in cell retention into injection area [132].
The presented data gives a promising preview of injectable cell delivery tools for
cardiac regenerative medicine.

1.4.4.5 All-in-One

An all-in-one toolbox containing cell and bio-active factors entrapped in hydrogel
seems to be the preferable method for cardiac tissue regeneration. In a rat MI model,
injectable PEGylated fibrin scaffold with hepatocyte growth factor (HGF) and bone
marrow-derived mononuclear cells (BMNCs) showed to improve cell prevalence
rate 15 times at 4 weeks when comparing to cell-only group. Furthermore, LV
ejection fraction was highest among the tested configurations (approximately 40%,
30%, and 25% for scaffold + HGF + BMNCs, scaffold + HGF, and saline
respectively). Importantly, the scaffold + HGF + BMNCs group was characterized
by the most significant neovascularization, apoptosis reduction, and lowest fibrosis
indexes. In another study, cardiac progenitor cells (CPCs) and neonatal car-
diomyocytes mixed with biotinylated IGF-1 self-assembling nanofibers showed to
enhance angiogenesis and to improve recovery of myocardium (myocyte cross-
section increase by 25% comparing to scaffold + cells and untethered IGF-1).
Moreover, improved heart function and activation of resident CPCs was observed
[126, 133].
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Chapter 2
Nanorobotic Agents and Their Biomedical
Applications

Abstract Application of nanorobotic agents is one of the most-promising per-
spective for future development and progress in medicine. Molecular machines gain
significant attention with an ultimate goal to create a theranostic platform inter-
acting with biological system and being able to perform atomic-level tasks. Such
concept requires advanced technological approach i.e. design and assembly tech-
niques, in vivo real-time navigation system, sensing methods as well as data
transfer. Currently, both artificial (carbon nanotubes) and biological (DNA, pro-
teins, bacteria) components are investigated as a building blocks of nanobots. This
chapter presents advancements in nanorobotic agents biomedical application.

Keywords Nanomedicine - Nanorobot - Molecular machine

2.1 Nanomedicine and Nanorobotics

One of the concept in nanomedicine, described by Freitas [1], describes an idea of
introducing nanorobots and related machines into biological systems for cellular
and molecular-level tasks. Due to very challenging character of this perspective,
multidirectional and interdisciplinary approach is required including selection of
nanorobotic agents type, energy source, control and navigation system. Ongoing
theoretical and experimental studies in nanomedicine will give a strong support for
advancements in nanodevice design and further clinical application.

Nanorobotic agents, structures with overall dimensions in the nanometers size
range, are designed to perform predefined tasks including target molecule delivery
for therapeutic or/and diagnostic (theranostic) purpose. Particular physical phe-
nomena associated with nanoscale diameter require specific and advanced
nano-composites assembly methods as well as control and actuation strategies [2].
Nevertheless a concept of applying nanobots in clinical medicine is relatively new,
molecular robotics gains significant attention and recognition reflected by
increasing number of demonstrations and publications. Of note, despite significant
advancement in the medical strategies prognosis of patients remains unsatisfactory.
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Thus, adoption of new technologies is especially of a great interest. The
advancement in the field of nanotechnology with improvement in design, sensing,
control, as well as better understanding of molecular biology are important steps
towards translational medicine.

2.2 Bio-nanorobotics

It is generally said that bio-nanorobotics reflects and incorporates many observa-
tions and natural law aspects, what is represented in design, programming, manu-
facturing and controlling of the nanomachines as shown in Figs. 2.1 and 2.2 [3].

2.3 Nanorobotic Agents in Biomedical Applications

The consolidation of nanotechnology, medicine and surgery provides an exciting
evolution in a healthcare sector and medical technology. In 1959 Richard P. Feynman,
Nobel Prize laureate in physics, was the first scientist who proposed a vision of
nanorobots and atomic level machines application in the treatment of disease in
humans i.e. nanorobot-based therapy for heart disorders [4].

Materials Design and Mechanisms
(proteins and DNA) (revolute joint, actuators)

Machine nano

Bio-nano mimetics TS

Fig. 2.1 Biomimetics—bio-nano robotics, inspired by nature and machine. Adapted with
permission from Ref. [3]
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Fig. 2.2 Bio-nano robotics as a multidisciplinary field. Adapted with permission from Ref. [3]

2.4 Biomolecular Machines and Bio-nanorobots

Development in robotic molecular-level complement is a critical step for
biomolecular machines evolution, in aim to create a functional motion, force, as
well as to sense signal and store information.

Protein and DNA are explored to act as bio-mechanical joints, motors, trans-
mission elements and biochemical sensors. DNA nanotubes can serve as structural
elements like links and DNA hinge. Moreover, ATPase protein flagella motors,
viral protein motors, DNA-based structures are also being explored as actuators.
Interestingly, rhodopsin and Heat Shock Factor proteins are also researched as
sensors. These bio-inspired robot components assembled together provide an pic-
ture of applicable biomolecular machine.

In aim to functionalize and optimize medical nanorobotic devices, various ele-
mental components like molecular gears, bearings, chemical sensors are required
(Fig. 2.3). Thus, complex manufacturing, synthesis techniques and interdisciplinary
approaches are incorporated to obtain an operational product. Positional assembly
strategy, a concept in molecular manufacturing, relays on combining molecular
parts one by one in a controlled fashion. Although the theoretical aspect of atom by
atom positional assembly is well established, the nanorobotic experimental
researches are still in the early developmental phase [4]. Interestingly, even more
futuristic, there are concepts of incorporating biological elements into nanobots
(Fig. 2.4).

Cavalcanti et al. worked on application of nanobioelectronics for diabetes
mellitus treatment [5]. With computational approach, they proposed a 3D prototype
of a device designed to improve glucose management through a external electronic
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Fig. 2.3 A molecular planetary gear is a mechanical component that might be found inside a
medical nanorobot. The gear converts shaft power from one angular frequency to another. The
casing is a strained silicon shell with predominantly sulphur termination, with each of the nine
planet gears attached to the planet carrier by a carbon-carbon single bond. The planetary gear
shown here has not been built experimentally but has been modelled computationally. Adapted
with permission from Ref. [4]

device which can communicate with nanorobots. They addressed nanorobotic
sensing with chemical signal dispersion using a 3D environment for prototyping
and analysis as shown in Fig. 2.5. The model used an embedded chemosensor for
glucose monitoring by modulating human SGLT3 protein glucosensor activity and
the SG33-P antibody for modelling the integrated circuit. Higher concentrations of
proteins can be identified which couples human SGLT3 isoforms to the intracellular
bloodstream signalling. Afterwards, the data was transmitted to the external device
(i.e. mobile phone).

Martel et al. worked on two complementary systems. The first one is a MRI-based
medical nanorobotic platform to access the regions of human body inaccessible to
catheterization [6]. The basic principle relies first on exploiting the high homoge-
nous magnetic field inside the tunnel of the clinical MRI scanner (typically 1.5T or
3T) to bring magnetic entities such as superparamagnetic nanoparticles at saturation
magnetization. When at saturation magnetization, such magnetic nanoparticles
provide the maximum displacement force for a given magnetic gradient (variation of
the magnetic field strength over distance). Indeed, when inside the tunnel of a MRI
scanner, no displacement occurs since the magnetic field is uniform. To apply 3D
directional magnetic gradients to induce a displacement force along a pre-defined
trajectory in the vascular network on magnetic nanoparticles encased in therapeutic
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Fig. 2.4 The biological elements will be used to fabricate robotic systems. A vision of a
nano-organism: carbon nanotubes (CNT) form the main body; peptide limbs can be used for
locomotion and object manipulation, a biomolecular motor located at the head can propel the
device in various environments. Adapted with permission from Ref. [3]

Fig. 2.5 The real-time simulation serves as an advanced tested environment for task-based
analysis, providing an extremely useful investigation tool for device prototyping, control, and
manufacturing analysis. The nanorobots move through the workspace sensing blood glucose
levels. Adapted with permission from Ref. [5]
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microcarriers. Such directional gradients can be generated using the gradient
imaging coils of the MRI scanner or by distorting the homogenous field of the
scanner using ferromagnetic cores introduced at specific locations in the tunnel of the
scanner. This is referred to as Magnetic Resonance Navigation (MRN) [7] or Dipole
Field Navigation (DFN) [8], respectively. MRN and DFN are more appropriate for
naviation in larger blood vessels such as arteries and large arterioles. Technological
issues including but not limited to the generation of higher gradients at the human
scale and the limit of medical imaging modalities, prevents these technologies to
reach the microvascular network.

As such natural nanorobots in the form of flagellated magnetotactic bacteria
(Fig. 2.6) have been considered [9]. A special platform dubbed the magnetotaxis
platform produces a 3D directional magnetic field that align a chain of intracellular
nanoparticles synthesized in the cells during cultivation towards the targeted region
to be treated which is typically a solid tumor. This chain acts like a microscopic
compass needle that is used to indicate to the bacteria the direction of the tumor.
Once inside the tumor, the magnetic field is set to zero to allow the bacteria to seek
autonomously regions of low oxygen concentrations which correspond to regions
of fast duplicating tumor cells. Each bacterium is previously loaded with the
therapeutic agents. These bacteria are very effective in physiological microenvi-
ronments such as near and inside the tumoral volume [10]. As such, some types of
localized cancers where peritumoral injections are possible such as colorectal and

Sensors (Chemotaxis and Aerotaxis) 0.5um
Nutrients-to-Protons (Fuel)  propulsion Engines

Converter (< 30 nm Overall Size,

Fz 4 pN Thrust Force)

‘Propellers (Flagella)

Steering Wheel
(Magnetotaxis)

.b..q@

Fig. 2.6 Representation of the MC-1 MTB as a computer controllable bio-actuator with its
flagella bundles (FB) for propulsion and its chain of magnetosomes (bottom) allowing steering
control through magnetotaxis. Adapted with permission from Ref. [9]
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prostatic cancers are candidates for this particular approach. But some locations
require intraarterial injections. Since the bacteria are ineffective in larger blood
vessels due in part to the blood flow and the distance separating the injection site
the site of treatment, efforts are also underway to combined MRN and DFN to bring
the drug-loaded bacteria encased in special microscopic vesicles closer the tumor
where they become more effective.

Mustapha Hamdi proposed an application of DNA for computational designing
and multiscale modelling of a encapsulated DNA-multi-walled carbon nanotube
actuator, which can be incorporated as a drug delivery carrier and biomolecular
transport system [11] as shown in Fig. 2.7. Encapsulated double-stranded DNA was
connected to a support electrode and it actuates the sliding inner tube. With vari-
ation of temperature in mild acidic medium, the inner nanotube slides due to change
in conformation.

Mechanical properties of three nanoactuator structure, A-DNA, Z-DNA and
B-DNA were studied through molecular dynamics simulation of DNA denaturation,
and Z-DNA showed most powerful and controllable driving performances as
described in Fig. 2.8. Encapsulation of DNA inside carbon nanotube was simulated
and ionic current feedback sensor was implemented for position determination. In
conclusion, the developed system was based on a nanoscale linear servomotor with
integrated position sensor.

Hogg and Freitas evaluated numerical models of chemical source power avail-
able for nanorobots which oxidize blood glucose [12]. The researchers studied
kinetics of oxygen release from red blood cells through haemoglobin saturation as
well as the capacity of nanorobots to generate power by processing oxygen. The
same authors worked on acoustic-based communication approaches for medical
nanorobots [13]. They analysed in vivo acoustic property of body various tissues
observing a frequency-dependent changes in attenuation. Based on obtained data,
spherical nanorobots designs was proposed. Moreover, the authors showed that a
communication rate of 10* bits/s is possible with a power supply generated from

Quter nanotube  Inner nanotube
A-DNA actuator (Stator) (Slider)

MWNT

Support
Cooled state Heated state

Fig. 2.7 Basic concept of a linear encapsulated DNA-MWNT nanoactuator controlled by the
temperature parameter. Adapted with permission from Ref. [11]
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Fig. 2.8 Chemical structure and mechanical force delivered by DNA denaturation for a A-DNA,
b Z-DNA and ¢ B-DNA. Adapted with permission from Ref. [11]

oxygen and glucose present in bloodstream. They proposed that the demonstrated
system can also be used in a therapy with a short bursts at considerably higher
power, without damaging nearby tissues.
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Architectures based on self-assembled functional DNA oligonucleotides and
interlocked nanomechanical components are also explored [14] (Fig. 2.9). Without
any restriction in motion, mechanical interlock allows controlled and specific
motion with reduced diffusion. Precise alignment of structural and functional
modules of DNA in 2D and 3D is possible through DNA origami technique. This
method can be used to synthesise scaffolds for specific integration of multiple
functional elements made of DNA. Circular geometrical interlocked DNA nanos-
tructures like dsDNA nanorings (Fig. 2.10) are extensively researched for building
artificial nanomachines.

Abi and colleagues worked with 3D DNA nanostructures, self-regulating sensor
and other actuator devices [15]. They showed electrochemical switching with these
structures self-assembled on gold electrodes. External chemical stimuli-triggered
mechanical reconfiguration acts as a nanoswitch, thus, this solution can serve as a
functional and operation element in nanorobots and 3D DNA tetrahedral based
surface-tethered nanoelectronic devices. Four DNA sequences were annealed fol-
lowed by immobilization on gold surface through thiol linking at three component
strand ends as shown in Fig. 2.11. Chronocoulometric analysis was used for the
DNA tetrahedron surface coverage evaluation and nano mechanical switch induced
by configuration was electrochemically checked in solutions of high ionic strength.
This reconfiguration-based switching induced by molecular stimulus showed high
efficiency and for the first time, this research addressed surface immobilization
based 3D DNA architecture for electronic nanoswitch.

DNA nanomachines
e.g. assembler, muscle, delivery systems

T

functional compartments
e.g. (drug) containers, propellers, motors, light harvesting units, interfaces

T

elementary functional units

e.g. DNA origami catenanes rotaxanes i-motifs others
(chassis) (joints) (guide bearings; (contraction (proteins, organic

switches) units) molecular units,
<> > eleciron_lc umt‘s,
responsive units,

Fig. 2.9 Hierarchical assembly of complex DNA nanomachines from functional compartments.
These will consist of elementary units, each featuring a highly specific functionality. Adapted with
permission from Ref. [14]
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(a) & | AL J
\ f

Fig. 2.10 Generation of dsDNA nanorings. a Intrinsic dsSDNA-bending by repetitive A-tracts.
b 168-bp dsDNA-nanoring ligated from three 51-mer dsDNAs, flanked by 5-nt ssDNA overhangs
(top) exhibit a regular, nondistorted shape (bottom). ¢ Assembly of dsDNA nanocircles into
oligomeric aggregates mediated by anthracene intercalation. Adapted with permission from
Ref. [14]
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Fig. 2.11 Schematic representation of the gold-tethered DNA tetrahedron containing a reconfig-
urable edge with a stem-loop (hairpin) structure. Reconfiguration of the tetrahedron takes place
after hybridization of complementary DNA (stimulus DNA) to the hairpin region, which results in
the change of the distance between the Fc redox probe and the electrode surface and thus in the
variation of the ferrocene (Fc) electrochemical signal. Mercapto-1-hexanol (MCH) molecules used
to block the gold surface are not shown. Adapted with permission from Ref. [15]

Redox-switchable molecular grippers gain much attention in nanorobotics as
they can grab a molecular cargo and translocate it over different location in func-
tionally controlled manner. In this regards, resorcin [4] arene cavitands are known
to have two spatial conformations, a contracted vase and an expanded kite, thus,
they can act very well as molecular grippers. As an extension, the leg shapes can be
used for functionalization and metal surface attachments. Pochorovski and
Diederich applied naphthoquinone moiety as a redox-active wall component and
cavitands with hydrogen bond acceptor groups as shown in Fig. 2.12 [16]. It was
presented that carboxamide moieties can initiate redox-induced conformational
switching and alter binding properties. With steric congestion, they found that
association constant increased and guest release rates reduced when triptycene-
quinone moiety was used instead of naphthoquinone. As the cavitands here were
dependent on external proton sources for switching, further research is leading to
independent switching.

Zhang et al. demonstrated a contact electrification field-effect transistor
(CE-FET) with an external mechanical stimulation-induced charge transfer prop-
erties [17]. For this, authors used coupled metal oxide semiconductor field-effect
transistor and triboelectric nanogenerator. The CE-FET shown greater sensing
range and has a potential application for biomedical nanorobotics (Fig. 2.13).

Hemispherical microstructures of superparamagnetic polymer composite
(SPMPCs) with programmed anisotropy was printed by Ergeneman et al. in large
array with inkjet printer [18] (Fig. 2.14). With a favourable magnetic properties of
embedded nanostructures and added functionality of polymers, SPMPCs can by
successfully applied in microsystems construction and nanorobotics. Various
operations can be performed using magnetic fields i.e. drug delivery, sensing
specific physical and chemical signals. Superparamagnetic magnetite nanoparticles
dispersed in SU-8 were used to make magnetic hemispheres. Magnetic field was
applied during curing to programme magnetic anisotropy (Fig. 2.15). Authors
demonstrated different assembly methods and their independent dynamic control.
The fabricated units can be used as microelectromechanical systems and nanor-
obotic tools for various medical applications, and the magnetic microhemispheres
can be easily manipulated at liquid interface.
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Fig. 2.12 a Parent quinoxaline-based cavitand that is switchable by changing temperature, pH,
and Zn2+ ion concentration. Cavitands, whose binding properties can be modulated by changes in
pH (b), by light (c), and by metal-ion complexation (d). Adapted with permission from Ref. [16]

Kopperger et al. demonstrated the diffusive transport system for molecular cargo,
which was tethered to a DNA-based scaffold [19]. With a DNA origami technique,
they made a rectangular platform with a molecular tether attached to a flexible hinge
preventing diffusive loss of cargo as shown in (Fig. 2.16). AFM images of origami
platforms were taken before and after molecule translocation. Authors showed that
diffusive motion is much more efficient for easy and quick transfer over long
distance.

Vach et al. explored various nanopropellor shapes which can be used in low
Reynold number fluid for propulsion in media like biological fluids [20].
Researchers constructed magnetic propellers with a viable optimization strategy,
thus getting a higher dimensionless speed than any other previously reported. They
studied the correlation between the dimensionless speed and the pseudochirality,
and also compared randomly shaped propellers from solution synthesis with pre-
vious nanofabricated propellers.
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Fig. 2.13 Schematic diagram showing the three-way coupling among triboelectricity, semicon-
ductor, and photoexcitation, which is the basis of tribotronics (triboelectricity semiconductor
coupling), tribophotonics (triboelectricity photon excitation coupling), optoelectronics, and
tribophototronics (triboelectricity semiconductor photoexcitation). Plenty of potentially important
directions and applications are projected and expected to be explored in the near future. Adapted
with permission from Ref. [17]

Fig. 2.14 The MPC hemispheres are fabricated by inkjet printing (a) (scale bar of the inlet is
50 mm). The photo of an array of MPC hemispheres is shown (b). The cross-sectional SEM image
of the normal MPC (c) and anisotropic MPC (d) obtained by an FIB cut (scale bar is 2 mm). In a
normal MPC (c) the nanoparticles are homogeneously distributed in the polymer matrix. In an
MA MPC (d) the formed lines are approximately 2 mm apart from each other. The microscope
image of the normal hemisphere is shown in (e) and the MA hemisphere in (f) (scale bar is
50 mm). The nanoparticles cannot be seen normally, but the lines of nanoparticles in the MA
hemisphere can be seen easily by an optical microscope. Adapted with permission from Ref. [18]
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Fig. 2.15 By applying out-of-plane magnetic fields the samples can be magnetized out-of-plane.
The dipoles repel each other as they are forced to stay at the interface. A triangle obtained by three
samples and a tetragon obtained by five moving parts (4 individual and one couple acting as one).
Adapted with permission from Ref. [18]
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Fig. 2.16 a Schematic side view of a DNA origami platform with a rigid tether fixed in the center.
The cargo (domains b, ¢, d, e, f) can hybridize to sequence domains at the start (e*, f¥) and a target
(d*, e*) position, as well as to a single stranded extension (b*, c*) of the rigid tether. The inset
shows an alternative binding orientation, which results in a more flexible, “hinged” structure.
Complementary sequences are indicated by matching colors as well. All sequence domains have a
length of 8 nt except for a/a*(88 nt) and z/z*(21 nt). b Typical AFM image of the DNA origami
rectangle, on which the start position (blue) and three different target positions are indicated. The
position of two dumbbell hairpin loops (light gray) are also shown, which are placed
asymmetrically to create height contrast for AFM imaging. ¢ Mechanism of cargo transport and
fluorescent labeling. The cargo DNA is functionalized with a Black Hole Quencher I molecule.
Duplex formation with start or target strand reduces the fluorescence intensity of the Atto 488 dye
(blue) and Atto 532 dye (green), respectively. An additional Atto 655 dye (red) used as a marker
for gel electrophoresis experiments is permanently attached to the tether and is not affected by
quenching. Upon addition of starter strand (domains g, f, e), the beam and cargo are released from
the start site, unquenching the blue dye. Upon binding to the target site, the green dye is quenched.
Adapted with permission from Ref. [19]
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Fig. 2.17 Gold nanorod rotary motors driven by resonant light scattering. Adapted with
permission from Ref. [21]

Shao et al. showed that single-crystal gold nanorods can be used as rotary motors
in aqueous solutions driven by resonant scattering of polarized laser light [21].
Optical torque is used in this concept (Fig. 2.17). They experimented with rotation
of gold nanorods in an optical trap. Against a glass surface, nanorods are trapped in
2D and their surface plasmon resonance property decides the rotational dynamics.
CMOS camera was used to monitor rotational dynamics. This motor can be used for
viscosity and molecular sensing. The molecular attachment part is highly useful for
interaction measurement and conformational change for large bio-macro molecules
and polymers.

Xu et al. showed the applications of plasmonically active rotary nanomotors for
tunable release of multiplex biochemicals [22]. They showed the active tuning of
biochemical releasing rate by rotating nanoparticles. The plasmonic nanomotors
were made by assembling nanoparticles. Scanning electron microscopy (SEM) was
used to confirm the successful making of the three-layered plasmonic rotors as
shown in Fig. 2.18. Raman spectroscopy was used to study the chemistry and
releasing rate of each chemicals. Confocal Raman microscope was used at 532 nm
excitation with a step size of 250 nm. This confluence of surface enhanced Raman
scattering and nanoelectromechanical systems can be easily used for various
bio-applications through nanorobotics. They performed both experimentation and
analytic modelling and single and demonstrated that multiple analytes can be
released at the desirable rates just by controlling the rotation speeds of the
nanomotors.

Jabbari et al. reviewed computational approach for complex 3D nanostructures
with nucleic acid origami [23]. Through complementary base pairings, these RNA
molecules can be designed to form 3D structures. As both, DNA and RNA origami
are relatively new research topics in experimental research; there are various
challenges and future direction to implement these as biomedical nanorobotic
elements.
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Fig. 2.18 a Representation of a rotating nanomotor sensor that releases molecules. b Scanning
electron microscopy (SEM) images of a plasmonic nanorod for the nanomotor rotor made of a
three-layer structure with a Au-Ni-Au nanowire as the core, a silica coating, and a dense layer of
Ag nanoparticles on the outer surface of silica. ¢ A higher-magnification SEM image shows the
dense Ag nanoparticles grown on the silica. d Raman mapping of 1 mm R6G dispersed on a
plasmonic nanomotor rotor showing essentially uniform SERS intensity on the surface. Adapted
with permission from Ref. [22]

Vavassori et al. worked on magnetomechanical nanoactuation which can adopt
its shape under remote magnetic external stimulus, and the system works without
physical contacts [24]. The 3D magnetic nanostructures were made by focused
electron-beam induced deposition (FEBID) (Fig. 2.19) with various nanomedical
applications.

Chechetka et al. demonstrated supramolecular nanotransporters which were
magnetically and near-infrared light-powered and used for remotely controlling
enzymatic reaction [25] (Fig. 2.20). It can be incorporated for precise analysis of
biomolecular behaviours in cancer cells at the cellular level. The system was made
with magnetic iron nanoparticles, liposomes, and carbon nanohorns, and was highly
biocompatible with strong magnetic and photothermal properties. They demon-
strated the concept by using a magnet and a NIR laser to release substrates in cells
and mouse bodies from the structures at the desired location. This nanorobotic
concept has a great potential in cancer treatment.
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Fig. 2.19 Composite NAMMS cantilever device. a SEM image (leff) and energy-dispersive X-ray
analysis (EDX, right) showing the elemental mapping of the composite Co/SiO x NAMMS.
b (left) same composite NAMMS device shown in panel (a) after having thinned the SiO x pole
using FIB milling; (center) optical images of the field induced angular swing of the suspended Co
nanorod in the FIB thinned composite NAMMS device; (right) plots of the field dependence of the
angular swing of the original (red dots) and FIB thinned (blue open dots) composite NAMMS
device. ¢ Raw hologram (top-left panel) and raw phase image reconstructed from the hologram
(bottom-left panel) of a magnetically saturated Co cantilever; the right-hand panel (c) displays the
unwrapped 2D hologram phase map giving information on the phase difference used for
determining the Co saturation magnetization value. Adapted with permission from Ref. [24]

2.5 AFM Based Nanorobotic Systems

Atomic force microscopy has been incorporated as a tool for nanoscale interactions.
Li et al. worked with biological samples using a nanorobots system for in situ
sensing and manipulations [26] demonstrating that AFM tip, as an end effector, can
be used to manipulate objects at nanoscale as shown in Fig. 2.21. In this example,
AFM tip was functionalized with specific antibodies, which can identify specific
receptors of the cell membrane at high resolution. This method opened the path for
studying biological systems at molecular level by conducting in situ imaging,
manipulation and sensing at protein and DNA levels.
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Fig. 2.20 Schematic
illustration of the
nanotransporters. Adapted
with permission from
Ref. [25]

ca. 50 nm

Liposome

ca. 150 nm
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Fig. 2.21 AFM-based nanorobotic system, which includes an AFM system (nanorobot) and the
augmented reality environment (visual haptic interface and command generator). Adapted with
permission from Ref. [26]

Yang et al. worked with AFM-based nanorobotic manipulator to study bio-
physical dynamics and ion channel activities in insulinoma B-cells [27]. The
nanorobotic platform together with optical observations provided fine dissection of
ion channels mechano-property. This provided a novel biomechanical marker with
an insight in insulin secretion process for insulin secretion process study.

Similarly, Acosta et al. presented an AFM platform for nanorobotics applications
[28]. For manipulation system, protruding tip AFM cantilevers were incorporated in
a dual tip system with one as protruding tip and other as quartz oscillator
(Fig. 2.22). This settings allows modification of kinematical configurations. The
system provided high speed imaging with dynamic force feedback together with
efficient nanomanipulation. In comparison to classical AFM, five times faster
imaging speed was obtained as the quartz oscillator performs sub-picometer range
oscillation.

Chacko et al. developed a biological nanomanipulation system assisted with fast
visualization using stimulated emission depletion (STED) superresolution micro-
scope coupled to an AFM [29]. This specific configuration allows single-cell level
nanosurgeries and manipulation of cellular structures. Authors carried out a cell
manipulation as shown in Fig. 2.23 by testing microtubules labelled with Abberior
Star 635P inside the cells of fixed fibroblast. AFM tip was used to probe the cell
surface with live monitoring. STED and confocal image were applied for the res-
olution enhancement.

The summary of main navigation systems and potential nanorobotic agents for
medical applications are presented in Tables 2.1 and 2.2, respectively.
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integrated into the system for true-non-contact-mode imaging. Adapted with permission from
Ref. [28]
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Fig. 2.23 Manipulation performed on a fixed cell: three different movement areas are recorded in
this video segment. The confocal and STED images are shown to demonstrate resolution
difference. The three different movements shown uses different forces. The still images were done
at the lower most part of the cell, and the AFM interaction is recorded at a different height so that
movement can be visualized. Adapted with permission from Ref. [29]
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Table 2.1 List of main navigation platforms for nanorobotic agents
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Technological platforms

Principle

Specifications

Physiological areas

MRN

'y

Exploits of the
magnetic fields
inside the tunnel of a
clinical MRI scanner

Highest magnetic
field strength (1.5T-
3T) to saturate all
types of magnetic

Arteries, arterioles

400 to navigate n a no agents, fast but
o robotic agents, the relatively low

uniform By field directional gradients

it S saturates the (0.04T/m), provides
magnetic agents, real-time tracking of
while the imaging magnetic agents and
gradients induce 3D | physiological tissue
displacement forces | imaging
on the nanorobotic
agents

DFEN Distorts the uniform | Highest magnetic Arteries, arterioles

magnetic field inside
the tunnel of a
clinical MRI scanner
to create high
directional gradients

field strength (1.5T-
3T) to saturate all
types of magnetic
agents, high (0.3T/m
preset directional
gradients

Mechanically moves
the patient typically
in the fringe field
surrounding a
clinical MRI scanner

High magnetic field
strengths possible
(0.5T-1.5T) to
increase the
magnetization level
of agents slow
directional but very
high (above 2T/m
possible) gradients

Arteries, arterioles
with no directional
change preferred

EMA

Electromagnetic
directional fields
generated by ratios
of electrical currents
passing in
surrounding coils

Very low magnetic
field strengths
(approximately 0.1T)
requiring larger
magnetic volume per
agent, fast and high
(0.3T/m) directional
gradients

Arteries and larger
physiological areas

MPI-based actuation
&
0

HaherFuid (I FFP WD Highor Fieid

]
Higher Fleld

Displacement of the
FFP (region of low
field strength) by
changing the ratios
of electrical currents
passing in
surrounding coils

Relatively low field
strength depending
on the distance from
the surrounding
coils, fast and very
high (max. 2T/m)
directional gradients,
provides realtime
tracking of magnetic
agents

Arteries, arterioles

(continued)
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Technological platforms

Principle

Specifications

Physiological areas

Magnetotaxis

d
—o?o—

Generation of a 3D
zone (known as the
aggregation zone)
with directional
fields generated by
surrounding coils
capable of directing
and constraining the
displacement of
self-p rope lied
magnetically guided
(torque-based) agents
in such a targeted
zone

Typically above
approximately 15
gauss outside the
aggregation zone and
towards zero inside
the aggregation zone

Microvascular
networks,
interstitial and
tumoral micro-
environments,
capillary vessels

Adapted with permission from Ref. [30]

Table 2.2 Main types of potential medical nanorobotic agents

Medical nanorobotic Description Compatible Physiological areas
agents platforms and
specifications
TMMCs Biodegrade MRN, DFN. FFN, Atrteries, arterioles
polymeric MPI—can be scaled

micro-structures
containing magnetic
nanoparticles and
therapeutic payloads

down to
approximately

50 um in diam.

(typ. around 150 pm
for hum an
interventions such as
liver

chemoembolization)
MTB-based agents Magnetotactic Magnetotaxis Microvascular
bacteria cells platform—I1 to 2 um | networks, interstitial
transporting payloads | in diameter allowing | and tumoral

and being directed to
the target site using
magnetotaxis and
aerotaxis

the cells to target
tumoral regions,

typ. 100-150 body
lengths per second in
good environmental
conditions, MTB-LP
carries
approximately 70
drug-loaded 170 nm
liposomes, chain of
MNPs in each cell
allows magnetic
directional torque to
be used, while an
oxygen sensor

microenvironments,
capillary vessels

(continued)
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Table 2.2 (continued)
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Medical nanorobotic
agents

Description

Compatible
platforms and
specifications

Physiological areas

combined with the
microaerophilic
behavior of the
MC-1 MTB allows
the delivery of pay
loads in hypoxic
regions of tumors

Magnetic microcarriers

Special TMMCs
capable of
transporting typically
MTB-based agents
towards
micro-vascular
networks where
MTBs are more
effective

MRN, DFN, FFN,
MPI initially
followed by the
magnetotaxis
platform—Same
dimensions as
TMMCs with
embedded super
paramagnetic
nanoparticles for the
induction of a
directional force and
MRI-tracking,
contains drug-loaded
MTB-based agents
instead of drug
molecules alone to
be released at a
specific embolization
site

All vascular network

Magnetcally steerable
microorganism-propelled
microstructures

g -

Bgo

te

Magnetic
microstructure
allowing a
directional magnetic
torque to be induced
and being propelled
by one or more
microorganisms

Magnetotaxis
platform—self
propelled agent
larger than
MTB-based agent
(typ. tens of
micrometers ill
diameter)

Typ. too large for
capillary networks,
interstitial spaces and
tumoral
micro-environments,
no sufficient force for
arteries

Catalytic microjets

K33 %:3_—|

Chemically propelled
agent capable of
being directed
through the induction
of a magnetic torque

Magnetotaxis
platform—present
overall lengths in
tens of micrometers,
self-propelled agents
that can be directed
using a magnetic
torque

Smaller arterioles,
too large for
capillaries, and not
adequate for arteries

(continued)
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Medical nanorobotic
agents

Description

Compatible
platforms and
specifications

Physiological areas

Magnetic microrobotic
agents

D |-

Capable of high
degrees of freedom
but much larger than
nanorobotic agents

EMA-—agents rely
on a larger magnetic
induction volume in
the order of a few
tens of micrometers

Arteries and
physiological areas
allowing larger
microrobotic agents

Helical micro- and
Nano-swimmers

AN

Biomimetic
constructs typically
in the form of
artificial flagella
actuated by a rotating
magnetic field that
induces a torque for
directional
displacement

Magnetic platforms
capable of generating
weak rotational
magnetic field—a
relatively weak
rotating magnetic
field is needed to
achieve
displacements of
only a few body
lengths per second

Smaller arterioles,
not adequate for
arteries and tumoral
environments

Adapted with permission from Ref. [30]
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