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2.1 INTRODUCTION

Repair and regeneration of damaged tissue is an important clinical need 
since millions of people all over the world are suffering from tissue and 
organ failure (Rice et al., 2013; Wei and Ma, 2008). Although tissue 
 regeneration processes and components are quite different depending on 
tissue properties, the fundamentals of regeneration process involves cells, 
cellular microenvironment, and biological signals. Hence, the strategies in 
tissue regeneration focus on cell‐based therapies, regenerative  biomaterials 
as scaffolds, and delivery of biological signals to regenerating site. The 
integration of these strategies and the components with natural tissue 
healing stages is important to achieve successful therapies in clinical 
 applications (Howard et al., 2008).

Controlled delivery of biologics such as growth factors (GFs),  cytokines, 
nucleic acids, or siRNA is the focus of growing interest in tissue regener
ation applications since these biomacromolecules serve highly specific 
and complex functions in cellular processes compared to small‐molecule 
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synthetic drugs (McCall et al., 2011; Vermonden et al., 2012). Although 
therapeutic approaches in tissue regeneration focus on biologics, the 
clinical applications are highly limited due to the fragile nature and 
 instabilities of the molecules. Delivery systems can increase therapeutic 
applicability of biologics sustaining a suitable environment for three‐
dimensional conformations and protection from enzymatic degradation 
during transportation to the regenerating site. In addition, these systems 
aim to mimic natural release mechanisms, conditions, and therapeutic 
 dosage of biologics, which are controlled by distinct patterns and enzy
matic reactions in cellular microenvironment (Tessmar and Göpferich, 
2007). Stimuli–response of the nanosized carriers is also an important 
property to decrease side effects and effective dosage of the molecules 
necessary for the regeneration in tissue‐specific conditions (Alvarez‐
Lorenzo and Concheiro, 2014).

Advances in material science and integration with nanotechnology 
 provide us a new generation of biodegradable and biocompatible nanosized 
delivery systems with control over size, shape, and multifunctionality 
(Panyam and Labhasetwar, 2003; Zhang et al., 2013). Nanosized delivery 
systems can be designed as lipid‐based, inorganic, polymeric, or multifunc
tional hybrid systems including liposomes, polymeric micelles, mesoporous 
silica nanoparticles, nanogels, or nanocomplexes with sizes varying  between 
1 and 200 nm (Khandare et al., 2012). Nanosized delivery systems provide 
tissue penetrating ability, reduced toxicity, and enhanced permeation and 
retention (EPR) in regenerating tissues (Gu et al., 2011). These systems 
can be injected to the bloodstream and extend the release of biologics pro
tecting them from proteolytic cleavage and chemical  degradation. EPR 
effect also provides passive targeting for the nanosized carriers increasing 
circulation time in the bloodstream. Improved solubility of hydrophobic 
compounds can be obtained via nanosized delivery systems (Mishra et al., 
2010). In  addition, nanosized delivery systems can be integrated into 
three‐ dimensional scaffolds sustaining controlled release and biocompatible 
microenvironment for regenerating cells (Wei and Ma, 2008).

Multifunctional nanosized delivery systems for biologics have been 
 developed using both natural and synthetic polymers. Synthetic polymers 
enable sustained release of biologics over a period of days to several 
weeks  based on different release mechanisms including concentration, 
 degradation, affinity or stimuli controlled, and also combinations of them. 
FDA‐approved synthetic polymers such as poly(lactide‐co‐glycolide) 
(PLGA) have been used for developing nanosized delivery systems due to 
their biocompatibility and tunable physical and chemical properties (Golub 
et al., 2010). PLGA nanoparticles can be hydrolyzed into biodegradable 
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 metabolites: lactic and glycolic acid at acidic conditions (Kumari et al., 
2010). In addition, there are examples of polymeric nanoparticles developed 
as biological delivery systems using poly(lactic acid) (PLA), poly(d,l‐ 
glycolide) (PLG), poly‐ε‐caprolactone (PCL), and poly(alkyl cyanoacry
lates) for tissue regeneration (Kim et al., 2014). Although some of these 
synthetic nanosized polymeric systems reveal biodegradable properties, 
 degradation products can be toxic compounds, and degradation process takes 
longer time  periods. Moreover, formulation conditions and encapsulation 
steps may require organic solvents and high ionic strength, creating a harsh 
environment for biologics.

On the other hand, natural polymers can form biodegradable polymeric 
nanostructures for biomacromolecule delivery at mild conditions, and these 
nanostructures are functionalized with different delivery strategies for 
 targeting and internalization. For these purposes, both protein‐based natural 
polymers such as gelatin, collagen, albumin, and elastin and  hydrophilic 
polysaccharides including alginate or chitosan have been used to obtain col
loidal nanostructures. Compared to synthetic polymeric  nanostructures, 
natural nanocarriers can be easily degraded by digestive enzymes and 
 degradation products not harmful. However, the hydrophilic nature of these 
nanosized carriers leads to burst release of biologics when biologics are 
immobilized within the system via noncovalent interactions or short‐term 
release profiles can be obtained due to easier biodegradability compared to 
synthetic polymeric nanosized delivery systems. In addition, contamination 
risk is higher since the sources of these  compounds are natural organisms.

Molecular assemblies of both synthetic and natural compounds are 
intriguing nanosized delivery structures for biologics. Colloidal  nanostructures 
such as liposomes, polymeric nanoparticles, block copolymer micelles, and 
dendrimers can be designed as stimuli responsive, and delivery mechanisms 
can be enhanced via internal and external factors including pH, tempe
rature, or redox microenvironment (Fleige et al., 2012; Ganta et al., 2008). 
Intravenous administration of these colloidal nanosized systems also makes 
them suitable carriers for tissue  regeneration applications (Alyautdin et al., 
2014). In addition, the stimulated effects of gold nanoparticles between 20 
and 50 nm size on osteogenic differentiation of stem cells and osteoblast‐like 
cells have been showed in different studies (Heo et al., 2014; Ko et al., 2015).

In this chapter, we focus on advanced delivery of biologics including 
GFs, cytokines, genes, or siRNAs using a variety of nanosized systems for 
different regeneration applications focusing on bone, cartilage, nervous 
system, and muscle regeneration strategies. The limitations of biologics 
delivery and alternative strategies for overcoming recent problems are 
underlined presenting recent examples from the literature. In addition, 
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specific targeting and cellular internalization strategies of biologics delivery 
for tissue regeneration are discussed for providing future perspectives to 
the readers in this field.

2.2 DELIVERY OF PROTEIN THERAPEUTICS WITH 
NANOCARRIERS FOR TISSUE REGENERATION

2.2.1 GFs and Cytokines

As biological regulatory signals in variety of cellular responses, GFs are 
important components for controlling and directing tissue formation, 
maintenance, and regeneration. In addition, these biological signals direct 
crucial tissue regeneration processes such as angiogenesis and bone or 
granulation tissue formation (Eichmann and Simons, 2012; Laurencin 
et al., 2014; Ponte et al., 2007). Although the functions and importance of 
many GFs in tissue regeneration are well known, the clinical applications 
and therapeutic efficiency of these biologics are limited due to their short 
lifetime, production costs, and safety concerns for immunogenic responses 
(Martino et al., 2014; Rice et al., 2013). To increase their lifetime and 
facilitate controlled release of biologically active GFs over an extended 
time period for therapeutic applications, nanosized delivery strategies 
have been developed using different materials.

In living organisms, GFs are stabilized in extracellular matrix (ECM) 
via interactions of highly sulfated ECM components such as glycosamino
glycan (GAG) side chains. GFs can be immobilized on nanosized carriers 
by either noncovalent or covalent interactions (Chen et al., 2010). Polymeric 
nanoparticles with functional groups can be designed by  sustaining these 
specific interactions for immobilization and affinity‐controlled GF delivery 
(Wang and von Recum, 2011). Natural polyanionic polysaccharides such 
as heparin and chondroitin sulfate can form  nanocomplexes with natural or 
synthetic polycationic polymers, and  polyelectrolyte complex nanoparti
cles are used to deliver heparin‐binding GFs including fibroblast growth 
factor (FGF) family and transforming growth factor‐β (TGF‐β) super
family (Place et al., 2014). Natural polymers including proteins and 
 polysaccharides can be modified with several functional groups and form 
colloidal nanostructures, which are also  suitable candidates for delivering 
GFs via noncovalent interactions or covalent crosslinking. Gelatin is a 
well‐known natural  protein‐based polymer with excellent biocompatibility 
and controllable  biodegradability. It can be modified as either negatively or 
positively charged and enable polyion complexation with several GFs 
(Young et al., 2005).
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Angiogenesis is a critical process in tissue restoration and constitutes of 
establishing a vascular system to supply required oxygen and nutrition to 
the regenerating site. Vascular endothelial growth factor (VEGF), which is 
a member of the cystine knot family, is an important biological factor for 
mediating angiogenesis in wound healing and myocardial ischemia 
 treatments (Crafts et al., 2015). Different delivery strategies are developed 
for sustained release of bioactive VEGF to the regenerating site. In one 
study (Golub et al., 2010), VEGF‐loaded PGLA nanoparticles enhanced 
blood vessel growth via sustained delivery for cardiovascular medicine 
applications. Polyelectrolyte nanosized complexes formed by coacervation 
of VEGF‐bound dextran sulfate with different polycations such as chitosan, 
polyethylenimine, or poly‐l‐lysine were shown to have high encapsulation 
efficiency for the regeneration applications (Huang et al., 2007). In addition, 
it was shown that GAG‐based polyelectrolyte nanocomplexes are quiet 
stable delivery systems at physiological conditions and show resistance to 
high ionic strength for in vivo applications (Novoa‐Carballal et al., 2014). 
In another example, in vivo therapeutic revascularization was obtained via 
VEGF‐loaded heparin‐functionalized nanoparticle–fibrin complexes in a 
rabbit ischemic hind limb model (Chung et al., 2010).

Bone regeneration consists of cascades of complex biochemical processes 
that are coordinated via cells, ECM, and bioactive molecules such as 
osteogenic, angiogenic, inflammatory, and systemic GFs (Vo et al., 2012). 
The enhanced therapeutic effects of different GFs such as  osteoinductive 
bone morphogenetic protein‐2 (BMP‐2) and mitogenic platelet‐derived 
growth factor‐BB (PDGF‐BB) have been shown in clinical trials for bone 
defect treatments (Nevins et al., 2013; Shah et al., 2014). BMP‐2 is an 
important member of TGF‐β superfamily that includes major modula
tors  of  osteogenesis, which play important roles in the  commitment 
and  differentiation of osteoprogenitors. BMP‐2 loaded 2‐N,6‐O‐sulfated 
 chitosan‐based nanoparticles (S‐NPs) were developed via complex coacer
vation of oppositely charged polyelectrolyte solutions as a delivery system 
for bone regeneration applications (Cao et al., 2014). In another study (Gan 
et al., 2015), pH‐responsive chitosan‐functionalized  mesoporous silica 
nanoparticles were used for dual delivery of BMP‐2 and dexamethasone 
(Dex) for osteoblast differentiation and bone regeneration at in vitro and 
in vivo conditions.

Neurotrophic factors (NF) including nerve growth factor (NGF), glial‐
derived neurotrophic factor (GDNF), brain‐derived neurotrophic factor 
(BDNF), insulin‐like growth factor‐1 (IGF‐1), or basic FGF‐2 are regulatory 
biological signals for promoting the development, survival, and  regeneration 
of neurons (Harvey et al., 2014; Ziv‐Polat et al., 2014). The alterations in 
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cellular structure and metabolism of damaged neurons lead to impaired 
regeneration (Sivak et al., 2014). Biological factors can induce endogenous 
repair, enhance neural regeneration, and hinder inhibitor signals for the 
regeneration process (Donaghue et al., 2014). Delivery of these factors to 
the central nervous system (CNS) is a developing approach for treatments 
of traumatic brain, spinal cord, and peripheral nerve injuries and neural 
degenerative disorders (Mohtaram et al., 2013).

Different strategies have been developed for therapeutic delivery of 
 biologics into the CNS such as liposomes, nanospheres, nanocapsules, den
drimers, and polymeric micelles (Orive et al., 2009). The design of  nanosized 
delivery systems for the CNS focus on two important requirements: long 
circulation time of the nanocarrier systems consisting  regenerating  signals 
and ability to penetrate blood–brain barrier (BBB), which is formed by tight 
junctions preventing crossing of large neurotrophic protein  molecules 
(Thorne and Frey II, 2001; Zhong and Bellamkonda, 2008). BDNF‐bound 
magnetically guided nanoparticles overcame impermeability of BBB and 
decreased morphine‐induced apoptosis in the CNS restoring the spine 
density and promoting regeneration of synaptic connections (Pilakka‐
Kanthikeel et al., 2013). In another study, bFGF‐loaded PEG–PLGA 
nanoparticles were functionalized with Solanum tuberosum lectin (STL) for 
targeted delivery to brain tissue and enhanced spatial learning and memory 
of rats with Alzheimer’s disease (AD) promoting the survival and neurite 
growth of neurons (Zhang et al., 2014).

The delivery systems loaded with multiple GFs can mimic complex 
in  vivo conditions releasing different therapeutic biologics for effective 
tissue regeneration (Chen et al., 2010). Time‐dependent controlled releases 
of multiple GFs at different stages of tissue regeneration via nanosized 
delivery systems enhance the biochemical processes sequentially. In one 
study (Perez et al., 2013), bone regeneration was induced by initial release 
of the angiogenic factors like VEGF or bFGF and then supported via 
BMP‐2 release as an osteogenic factor.

Platelet‐rich plasma consist of biologically active proteins including  several 
GFs, such as the isoforms of platelet‐derived growth factor (PDGF), trans
forming growth factor (TGF), and FGF (Intini, 2009). The lysates of platelet‐
rich plasma are natural sources of multiple GFs that are important in bone 
regeneration (Visser et al., 2009). Hence, controlled delivery of plasma lysates 
via chitosan–chondroitin sulfate nanoparticles prepared by  polyelectrolyte 
complexation was intriguing for bone tissue engineering applications 
 promoting osteogenic differentiation via multiple factors (Santo et al., 2012).

Cytokines are small signaling molecules with sizes ranging between 
8  and 40 kDa and are responsible for regulating the immune response, 
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inflammation, neoangiogenic processes, and cellular differentiation (Ioannidou, 
2006). Cytokines are also important biochemical factors in tissue regeneration 
controlling cellular activity (Gelain et al., 2010). However, short half‐lives and 
serum‐mediated degradation of cytokines prevent therapeutic applications and 
lead to developing different strategies for delivery of these small biologics. 
Cytokine delivery to injury site by controlled delivery systems can direct tissue 
regeneration in the absence of the transplanted cells (Roche et al., 2013).

Inflammation process is one of the critical steps of regeneration, and this 
complex step is controlled by secretion of GFs and pro‐ or anti‐inflammatory 
cytokines. Cytokine‐mediated signaling of inflammation involving 
activation and proliferation of satellite cells is an essential component of 
muscle repair, regeneration, and growth (Tidball, 2005). Delivery of 
 cytokines such as tumor necrosis factor‐α (TNF‐α) (Chen et al., 2007), 
interferon‐γ (Cheng et al., 2008), or interleukin‐6 (IL‐6) (Serrano et al., 
2008) mediating inflammation in muscle regeneration processes can be 
an  alternative approach for the treatments of acute or chronic muscle 
damages.

2.3 GENE AND siRNA DELIVERY WITH NANOCARRIERS  
FOR TISSUE REGENERATION

2.3.1 Gene Delivery

Gene therapy provides sustained expression of bioactive molecules 
including GFs and cytokines required for tissue regeneration (Bonadio 
et  al., 1999) and can assist stem cells to differentiate into a variety of 
 different lineages and cells types for regenerative medicine (Chen et al., 
2011b). Low uptake across the cell membrane, limited stability of DNA 
molecules, and lack of nuclear targeting are the main difficulties in DNA 
delivery (Luo and Saltzman, 2000). Controlled delivery of DNA using 
nanosized carriers promotes gene delivery and extended transgene expres
sion. In addition, targeted nanosized carriers for gene delivery can avoid 
side effects including immune response or distribution to the nontargeted 
tissue and cells (Pannier and Shea, 2004).

Delivery of DNA encoding for inductive biologics can spatially influence 
on cellular behavior and enhance the formation of complex architectures for 
tissue regeneration (De Laporte and Shea, 2007). Although viral and retro
viral vectors have been showed to be highly  efficient transfection agents for 
in vivo, nonviral systems provide lower immune response and controllable 
chemical and biological properties for gene delivery (Elangovan et al., 2014; 
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Leong et al., 1998). Nonviral delivery nanocarriers for DNA are developed 
using a variety of synthetic and natural polymers such as PLL, PLG, PVA, 
PEG, poly(ethyleneimine) (PEI), collagen, hyaluronic acid, gelatin, or  chitosan 
(Pannier and Shea, 2004).

Cationic lipids consisting of a positively charged head group, a hydro
phobic chain, and a linker that joins the polar and nonpolar regions can 
interact with negatively charged DNA molecules and form complexes 
called “lipoplexes” (Bhattacharya and Bajaj, 2009; Gao and Hui, 2001; 
Tros de Ilarduya et al., 2010). Similar to cationic lipids, cationic polymers 
can also form complexes with DNA and form “polyplexes,” which are 
capable of gene delivery into targeted cells (Zhang et al., 2004). PEI is a 
highly cationic polymer due to the presence of amino groups, and it can 
form nanoparticles by complexation with negatively charged plasmid 
DNA (pDNA) and prevents pDNA from lysosomal nuclease degradation 
(Pérez‐Martínez et al., 2011). Chondrogenic differentiation of hMSCs was 
facilitated by the delivery of Sox9 gene, an important transcription factor 
in the process of chondrogenesis, complexed with PEI on PLGA nanopar
ticles (Jeon et al., 2012). In another study, pDNA encoding Runt‐related 
transcription factor 2 (RUNX2) was delivered in liposomes, which were 
immobilized at the surface of polycaprolactone (PCL) nanofiber meshes 
sustaining physical support for hMSCs during osteogenic differentiation 
(Monteiro et al., 2014). Bone regeneration in rat cranial defects was also 
enhanced via localized delivery of PEI/pDNA nanocomplexes inducing 
expression of bone morphogenetic protein‐4 (BMP‐4) (Huang et al., 
2005). On the other hand, cationic DNA/polymer nanocomplexes have 
some drawbacks including instabilities in physiological conditions 
and aggregations due to binding of serum proteins on the surfaces. Also 
 cationic lipids and polymers (PEI) can be toxic. To eliminate these 
 drawbacks, targeted delivery and internalization strategies have been 
developed for enhanced therapeutic activities.

Dendritic nanostructures are also promising gene delivery systems due 
to their highly branched structure, shape, and multivalency. These 
 structures can be designed using biodegradable polymers providing non
toxicity and efficiency for gene delivery (Luo et al., 2014). Especially, 
polycationic dendrimers such as polyamidoamine (PAMAM) were shown 
to be particularly interesting in nucleic acid delivery providing high 
 multivalent surface moiety, biocompatibility, and low cytotoxicity (Lee 
et al., 2014). Human bone morphogenetic protein‐2 (hBMP‐2) gene‐contain
ing PAMAM dendrimers were used as gene transfer carriers for inducing 
osteogenic differentiation of mesenchymal stem cells (MSCs) for bone 
regeneration applications (Santos et al., 2009).



SYSTEMIC TARGETING 15

2.3.2 siRNA Delivery

Short interfering RNAs (siRNA) are a short double‐stranded biomacromol
ecules that silence target gene expression as a consequence of binding to 
the corresponding messenger RNA. Gene therapy provides permanent 
 genetic alteration, but only transient actions of protein therapeutics can be 
needed for tissue regeneration applications. Hence, siRNA‐based  strategies 
provide a safer alternative compared to the gene therapy. Delivery systems 
are required for siRNA due to siRNA’s inability to  diffuse easily to cell 
membrane related with its polyanionic nature, poor solubility, and readily 
degradation by enzymes (Yoo et al., 2011). Similar to DNA nanocarriers, 
different nonviral nanosized carriers have been developed for siRNAs using 
liposomes, lipoplexes, polymers, and also peptides (Gao and Huang, 2008).

Similar to pDNA/PEI complexation, siRNA can also interact with 
 cationic polymers and form stable nonviral nanosized delivery systems. 
PEG‐PEI/siRNA nanoparticles were used for suppressing the expression 
of Nogo receptor (NgR), which has an important role in CNS controlling 
neural inflammation, arresting the neurite growths of injured neurons, and 
the differentiation of NSCs for CNS regeneration (Liang et al., 2012). 
Another siRNA delivery‐based regeneration strategy was developed to 
increase the endogenous BMP levels through RNA silencing to downregu
late BMP‐2 antagonist NOGGIN glycoprotein using different nanosized 
carriers (Bassit et al., 2015).

2.4 SYSTEMIC TARGETING AND CELLULAR 
INTERNALIZATION STRATEGIES FOR TISSUE 
REGENERATION

2.4.1 Targeted Delivery

When small molecules or peptide/protein ligands bind to a receptor, they 
generally start a cascade of signaling events in cellular microenvironment. 
Systemic targeting of delivery systems can be sustained by ligand–receptor 
mediated or locally activated delivery via internal factors (specific enzymes 
or pH change) and external forces such as light or temperature (Bae and 
Park, 2011). There are specific ligands that can only bind to one type of 
receptor on a specific cell or tissue, and these specific ligands render the 
targeting of that specific tissue or cell type. The specificity also depends 
on the presence and expression of receptors on certain cells. In the natural 
process of regeneration, GFs bind to certain receptors on the cell surface 
and initiate a cellular response such as inflammation, recruitment of stem 
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cells to the tissue, or angiogenesis. In addition, proteins take part in cell‐to‐cell 
signaling, which is crucial for a synchronized regeneration process. This 
receptor–protein interaction is so specific that only a certain protein or a 
protein family can recognize and bind to its receptor. Therefore, it is 
 important to understand the natural regeneration process and have the 
knowledge of the expression patterns in each tissue at different regeneration 
stages to be able to engineer materials presenting specific ligands. These 
ligands will bind to certain target cells only, making it possible to induce a 
unique specific response of the body. As another advantage, the localization 
of the biologics in the target site will decrease the side effects of the 
treatment. One general concern about administration of biomacromolecules 
such as GFs is the induction of proliferation of cells and formation of benign 
tumors. This risk would be decreased via targeted delivery approaches, 
which can mimic the release of the natural GFs at therapeutic dosage and 
localization. Chemical ligands, antibodies, specific peptide sequences, and 
proteins are common strategies to target specific cells or microenviron
ments for sustained delivery of biomacromolecules via nanosized carriers.

2.4.1.1 Chemical Ligands There has been an intense effort to explore 
and synthesize chemical ligands that will target a specific tissue, and the 
knowledge of ECM composition in different tissues is invaluable for 
 targeting. For example, bone tissue contains mineralized matrix in the 
form of hydroxyapatite, differently from other tissues, whereas cartilage 
contains high amounts of polysaccharides such as hyaluronic acid. Skin 
tissue contains elastin and fibrin for the formation of elastic fibers (Uitto 
et al., 1989). Using the knowledge about ECM composition, chemical 
molecules are synthesized to target different tissues. In one of the 
efforts, researchers synthesized a fullerene molecule that will target 
calcium phosphate mineral in hydroxyapatite of the bone. The synthe
sized  molecule demonstrated high affinity to hydroxyapatite, and it was 
 proposed as a potential chemical targeting ligand in bone regeneration 
(Gonzalez et al., 2002).

For cartilage targeting, derivatives of quaternary ammonium (QA) have 
been investigated in different studies. When the biodistribution of QA–
glucosamine (antirheumatic drug) conjugates was investigated, the 
conjugate of glucosamine demonstrated specificity for cartilage in a short 
time after injection (Giraud et al., 2000). Moreover, QA has been proposed 
to be effective for cartilage targeting of naproxen and ibuprofen in the 
treatment of arthritis (Pawar et al., 2012). Based on these studies, cartilage‐
targeting molecules might have an application in tissue engineering for the 
specific delivery of molecules.
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The proteins upregulated or exposed to cell surface after myocardial 
infarction (MI) were investigated for a potential in targeting the infarct 
area (Sy and Davis, 2010) for cardiac regeneration. p38 MAPK inhibitor, 
the chemical substance designed to bind p38, was delivered with 
 polymeric microspheres to target p38 protein overexpressed after MI. 
The delivery system was shown to be effective in inhibiting cardiac 
dysfunction (Sy et al., 2008).

2.4.1.2 Antibodies Antibodies designed to bind a specific cell surface 
receptor hold great promise in the delivery of biologics for tissue  regeneration. 
Antibody‐targeted delivery is one of the focuses in drug delivery due to 
the  specificity of antigen–antibody binding. There are many monoclonal 
 antibody‐based pharmaceutics in the market, but most of them were devel
oped for cancer treatment (i.e., trastuzumab, bevacizumab, ibritumomab 
 tiuxetan). On the other hand, their applications in tissue engineering are also 
 expanding due to the several advantages of antibody targeting.

One of these approaches is the immobilization of an antibody to a 
scaffold for enhanced GF binding. With this strategy, not only cell‐
specific targeting but also spatiotemporal regulation of endogenous GFs 
can be mimicked. To mimic the spatial property, the local injection of the 
growth factor might be a basic strategy. On the other hand, a better 
strategy is to modulate the presence of the GF in the target tissue for a 
certain period of time. In a recent study, anti‐BMP‐2 monoclonal  antibody 
was immobilized on different biomaterials for the purpose of capturing 
endogenous BMP‐2 and inducing bone regeneration at the graft site 
(Ansari et al., 2014).

2.4.1.3 Peptides and Proteins Peptide ligands are also specific in terms 
of binding and might be more advantageous than protein ligands due to ease 
of synthesis and conjugation to the nanosized delivery systems. Peptide 
phage screening libraries provide the exploration of targeting  peptides for a 
specific molecule and more specific purposes of use. Arginine–glycine–
aspartic acid (RGD) is one of the common ligands that have been used in 
tissue regeneration, which can increase the adhesion of cells by interacting 
with integrins on the cell surface.

Collagen‐binding domain (CBD) is a promising peptide sequence for tar
geted delivery of nanosized carriers to collagen. GFs that are conjugated to 
CBD can be used to promote specific binding of GF to collagen. CBD‐fused 
basic fibroblast growth factor (bFGF) was used for the regeneration of 
abdominal wall defects, and it was demonstrated to promote vascularization 
for 30 days after surgery (Shi et al., 2011). Similar to CBD, heparin‐binding 
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domain is used for targeted delivery purposes. The abundance of heparin 
in  cartilage provides the targetability of cartilage with heparin‐binding 
domain. In one study (Loffredo et al., 2014), IGF‐1 was targeted to cartilage 
with heparin‐binding domain and shown to be effective in osteoarthritis 
treatment in vivo.

Delivery of protein therapeutics such as NF to the CNS is highly limited 
due to BBB preventing diffusion of the macromolecules through the brain 
tissue. Cell‐penetrating peptides (CPPs) can also be used as a brain‐ targeting 
strategy. 39‐amino acid peptide derived from the rabies virus  glycoprotein 
(RDP) containing specific nerve binding region was shown as an efficient 
protein carrier for targeting and delivering macromolecular proteins across 
the BBB (Fu et al., 2012).

Carbohydrate‐binding proteins such as lectins are highly specific to 
monosugars or oligosaccharide structures (Wu et al., 2009). Lectin‐
conjugated nanosized delivery systems can bind to glycosylated cell mem
brane components, and lectin–cell membrane interactions improve 
vesicular transport of the delivery systems enhancing penetration through 
biological barriers such as BBB, nasal mucosa, lung, buccal cavity, or eye 
(Bies et al., 2004). The surface modification of PEG–PLA nanoparticles 
with lectins enhanced the brain uptake after nasal administrations of the 
delivery system (Gao et al., 2007).

2.4.2 Cellular Internalization Strategies

Controlled delivery of biologics such as GFs, cytokines, nucleic acids, or 
siRNA is a promising approach in tissue engineering due to several advan
tages. However, the delivered biomacromolecules with nanosized carriers 
need to be internalized, and desired internal or external stimuli should be 
expressed from the target cell only after the internalization. A variety of 
internalization strategies have been developed since the internalization of 
biologics into cells is difficult due to electrostatic repulsion and the low 
uptake efficiencies of the nonviral carriers. The internalization strategies 
for nonviral carriers can be designed focusing on multiple uptake mecha
nisms including macropinocytosis, clathrin‐mediated endocytosis, or 
caveolae‐mediated endocytosis to promote transduction of the specific 
genes (Pérez‐Martínez et al., 2011) required for the regeneration processes. 
Cellular internalization is also important for the delivery of the biologics 
into specific intracellular organelles such as the nucleus.

Peptide domains containing positively charged amino acids such as 
arginine and lysine have been reported to enhance uptake and cellular 
internalization of nanosized carriers including PAMAM dendrimers 
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conjugated with l‐arginine (Choi et al., 2004), arginine‐chitosan/DNA 
self‐assembled nanoparticles (Gao et al., 2008), arginine‐grafted biore
ducible poly(disulfide amine) polymers (ABP) for siRNA delivery 
(Beloor et al., 2012), oligoarginine‐modified liposomes (Furuhata et al., 
2006), and self‐assembled oligoarginine–PEG–lipids for gene delivery 
(Maitani and Hattori, 2009). In addition, integration of CPP to the 
 vectors or peptide nucleic acid conjugates can be used for internaliza
tion (Jung et al., 2011). Recently, CPP‐decorated self‐assembled peptide 
amphiphile (PA) nanospheres complexed with antisense  oligonucleotides 
increased the internalization of the nanosized delivery system compared 
to nonbioactive PA nanostructures (Mumcuoglu et al., 2015).

Therapeutic proteins delivered with CPPs can be internalized in cells in 
the scope of tissue regeneration. Low molecular weight protamine was 
used as a CPP for the delivery of a transcription factor, transcriptional 
coactivator with PDZ‐binding motif (TAZ). TAZ transcription factor was 
used for osteogenic differentiation of MSCs, and CPP‐conjugated protein 
could translocate the cell membrane and conserved the functionality (Suh 
et al., 2014). In addition, production of induced pluripotent stem cells 
(iPSC) was shown to be possible with induction of CPP‐conjugated 
 proteins (Kim et al., 2009).

Cell‐penetrating proteins also facilitate delivery of antisense oligonucle
otides, which are designed for the modulation of expression levels of a 
specific gene. Antisense oligonucleotides and small interfering RNA 
(siRNA) have a great potential in tissue engineering since they can be 
engineered to target any gene. One antisense oligonucleotide was shown to 
accelerate the rate of wound healing by modulating expression of connexin 
43 (Qiu et al., 2003). GFs can also be targeted by antisense oligonucleo
tides (Uchio et al., 2004), and the modulation of their expression might 
provide another way to control the presence of GFs during different stages 
of regeneration. CPP antisense oligonucleotide conjugates provide higher 
cellular internalization compared to naked oligonucleotides, and therefore, 
CPPs would render the antisense oligonucleotide‐based therapy more 
 successful. Antisense oligonucleotide designed to alter dystrophin  transcript 
was delivered with arginine‐rich CPPs, and the conjugate was systemically 
administered to restore muscle and cardiac dystrophin expression for 
 promoting muscle and cardiac function (Yin et al., 2008). The peptides 
containing nuclear localization sequence (NLS) can be used as an alternative 
internalization strategy for nonviral nucleic acid delivery  systems. 
Incorporation of the self‐assembling SV40 peptide having T‐antigen NLS 
with cationic liposomes for nuclear delivery promoted internalization and 
nuclear accumulation of the DNA (Rea et al., 2009).
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2.5 FUTURE PERSPECTIVES

Integration of nanotechnology, material science, and engineering has 
 pioneered developments in advanced targeted and sustained nanosized 
delivery systems with enhanced therapeutic efficacies for tissue regenera
tion purposes. Targeted delivery, reduction in therapeutic dosage of 
 biologics, controlled release, and multifunctionality are ultimate goals 
of  developing nanosized delivery systems. The nanosized carriers for 
tissue regeneration provide significant health benefits including elimina
tion of surgery or requirements of transplantations and low risks of immune 
responses.

Although different strategies and formulations have been examined 
for nanosized delivery systems in the preclinical studies, successful 
regeneration using external factors for different types of tissues in 
clinical applications is still challenging. There are different aspects 
that prevent the progress in clinical applicability of the designed nano
sized delivery systems for tissue regeneration purposes. Manufacturing 
costs and  problems with reproducible and scale‐up production of 
advanced delivery systems prevent commercialization (Kearney and 
Mooney, 2013; Zhang et al., 2013) and clinical usage of the carriers 
for tissue engineering. Moreover, although chemical and physical 
properties of the nanosized delivery systems are characterized in 
detail, behavior of nanoscale  carriers in in vivo conditions cannot be 
controlled effortlessly due to complex and dynamic nature of the cel
lular microenvironment (Ruenraroengsak et al., 2010). Successful 
regeneration can be induced via orchestrated neural, vascular, 
biochemical, and biophysical components of the tissues (Discher et al., 
2009). On the other hand, the inadequate knowledge on repair 
processes and connections between overall signaling pathways delays 
the progress of sustained regeneration strategies using delivery sys
tems (Rice et al., 2013).

To eliminate these drawbacks, different strategies have been studied to 
increase efficacy, stability, and targeting of the nanosized carriers. Since 
the release of single biologics is not sufficient to sustain continuous 
 regeneration for complex tissues, the combined use of multiple factors 
synergistically provides a strategic advantage for overcoming the limita
tions (Borselli et al., 2010; Chen et al., 2010, 2011a; Hwang and Kloner, 
2010; Shah et al., 2014). In addition, the delivery of multiple factors and 
developments of the multicomponent systems including delivering the 
cells and biologics together using suitable scaffolds promote therapeutic 
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effectiveness and tissue regeneration capacity (Donaghue et al., 2014; 
Park et al., 2013).

Further improvement can be prolonged via incorporation of ECM‐
mimetic scaffolds with nanosized delivery systems of biologics  sustaining 
both biochemical and physical factors required for tissue repair and 
regeneration (Chung et al., 2007). Combination of the biological factor‐
loaded nanocarriers with three‐dimensional networks provides long‐term 
controlled release of the bioactive molecules required for regeneration 
(Jeon et al., 2008). The incorporation of GF‐loaded  nanoparticles or 
nanosized delivery systems with three‐dimensional scaffolds also 
enhances the efficiency of the released molecules for in vivo  applications, 
preventing initial high burst release and enhancing bioactivity. For 
example, VEGF‐encapsulated nanoparticles incorporated into three‐
dimensional delivery systems such as PLGA scaffolds and Matrigel™ 
hydrogels enhanced angiogenesis in vivo (des Rieux et al., 2011). 
In  another application, VEGF‐loaded chitosan/heparin polyelectrolyte 
nanocomplexes immobilized into decellularized scaffolds promoted 
 vascularization in mouse subcutaneous implantation model (Tan et al., 
2011). Acidic FGF (aFGF)‐loaded mesoporous silica nanospheres shelled 
by PLA were embedded into collagen scaffold, and the nanocarriers 
 containing scaffold implanted in a rat subcutaneous tissue induced 
significant proliferation of osteoblast cells (Kim et al., 2014). In addition 
to the GFs, BMP‐2 pDNA/chitosan nanoparticles were encapsulated into 
the fibrous network for slower release rate and enhanced biological 
activity (He et al., 2014; Nie and Wang, 2007). Furthermore, engineering 
of the bioactive molecules such as GFs with superaffinity to the scaffolds 
or carriers can be an alternative approach to prolonged delivery and 
increased efficacy and reducing the dosage required for the regenerative 
medicine applications (Martino et al., 2014).

Developments in fabrication techniques, understanding of tissue 
regeneration processes, and the roles of biological factors in detail 
will  contribute to progress in this field. Combination of advantages 
of  advanced nanosized delivery systems with the power of biological 
factors has also great potential to solve the recent problems in tissue 
regeneration applications. Industrial collaboration with scientific 
community can synergize the commercialization of the developed 
 systems for therapeutic applications. Overall, it is believed that advanced 
nanosized delivery systems integrated with multicomponent designs 
will open new opportunities in delivery technologies and strategies for 
tissue regeneration.
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