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Abstract
This article summarizes the recent progress in the design and synthesis of hydrogels as tissue-
engineering scaffolds. Hydrogels are attractive scaffolding materials owing to their highly swollen
network structure, ability to encapsulate cells and bioactive molecules, and efficient mass transfer.
Various polymers, including natural, synthetic and natural/synthetic hybrid polymers, have been
used to make hydrogels via chemical or physical crosslinking. Recently, bioactive synthetic
hydrogels have emerged as promising scaffolds because they can provide molecularly tailored
biofunctions and adjustable mechanical properties, as well as an extracellular matrix-like
microenvironment for cell growth and tissue formation. This article addresses various strategies
that have been explored to design synthetic hydrogels with extracellular matrix-mimetic bioactive
properties, such as cell adhesion, proteolytic degradation and growth factor-binding.
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Hydrogels are water-swollen polymeric networks, usually consisting of crosslinked
hydrophilic polymers that can swell but do not dissolve in water. This ability to swell under
biological conditions makes them an ideal class of materials for biomedical applications,
such as drug delivery and tissue engineering [1–14]. Hydrogels possess a 3D network
structure, crosslinked together either physically or chemically. This insoluble cross-linked
structure allows effective immobilization and release of active agents and biomolecules.
Owing to their high water content, hydrogels resemble natural soft tissue more than any
other type of polymeric biomaterials. Hydrogel materials generally exhibit good
biocompatibility and high permeability for oxygen, nutrients and other water-soluble
metabolites, making them attractive scaffolds for use in cell encapsulation [6–17]. Most
hydrogel materials are injectable [18,19] and can be formed via photopolymerization
[20,21], which can be carried out under mild conditions in the presence of living cells. This
allows homogeneous seeding of cells throughout the scaffold materials and formation of
hydrogels in situ.
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Hydrogels can be classified into physical and chemical hydrogels based on their cross-
linking mechanism [3,12]. Physical crosslinks include entangled chains, hydrogen bonding,
hydrophobic interaction and crystallite formation. While these physical crosslinks may not
be permanent junctions, they are sufficient to keep the hydrogel from dissolving in an
aqueous media. Chemical (or covalent) crosslinks, on the other hand, are permanent
junctions formed by covalent bonds. One common way to create a covalently crosslinked
network is to polymerize end-functionalized macromers [7,11,21]. Hydrogel networks may
include both permanent junctions and semipermanent junctions like chain entanglements.
The type and degree of crosslinking influences many of the network properties, like swelling
properties, elastic modulus and transport of molecules [22]. Hydrogels can further be
classified by their ionic charge (neutral, cationic, anionic and ampholytic), structure
(amorphous, semicrystalline and hydrogen-bond) and preparation methods (homopolymer,
copolymer, multipolymer and interpenetrating polymer network) [12,22].

The control of the hydrogel network structure allows for the proper design and
characterization of the degradation of hydrogel scaffolds, diffusion of bioactive molecules
and migration of cells through the network [12,22]. Four important swelling parameters
have been used to define the network structure of hydrogels, including:

• The swelling ratio (Q), including the mass swelling ratio (Qm) and the volume
swelling ratio (Qv)

• The polymer volume fraction in the swollen state (υ2,s)

• The number average molecular weight between cross-links (Mc)

• The network mesh size (ξ) (Figure 1).

They can be defined by the following equations [23,24]:

(Equation 1)

(Equation 2)

(Equation 3)

(Equation 4)

(Equation 5)

where Wg is the weight of the equilibrium swollen gel, Wp is the weight of the polymer, Vp
is the volume of the polymer, Vg is the volume of the equilibrium swollen gel, ρ1 is the
solvent density, ρ2 is the M0 is the polymer density, molecular weight of the polymer

repeating unit, X is the degree of crosslinking, and  is the root-mean-square end-to-end
distance of network chains between two adjacent crosslinks in the equilibrium state. Q and
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υ2,s can be measured from swelling experiments (Equations 1–3), while Mc and ξ can be
calculated by the equilibrium swelling or rubber elasticity theories (Equations 4–5) [25–27].

Hydrogels have been used as an important class of tissue-engineering scaffolds because they
can provide a soft tissue-like environment for cell growth and allow diffusion of nutrients
and cellular waste through the elastic hydrogel network. They have advantages over other
types of polymeric scaffolds, such as easy control of structural parameters (e.g., Q, υ2,s, Mc,
ξ), high water content, promising biocompatibility and adjustable scaffold architecture. This
article summarizes the recent progress in the design and synthesis of hydrogel scaffolds for
tissue engineering. It begins with an overview of the properties of polymers used for
designing and fabricating hydrogel scaffolds, and then briefly describes the use of the
natural extracellular matrix (ECM) as a design model for engineering bioactive hydrogels,
followed by highlighting three types of ECM-mimetic hydrogels, including cell-adhesive,
enzyme-sensitive and growth factor (GF)-bearing hydrogels. Finally, five-year perspective
and some key issues are provided regarding the applications of hydrogel tissue-engineering
scaffolds, and the challenges in the design and synthesis of bioactive or biomimetic
hydrogels.

Polymers used for fabricating hydrogel scaffolds
Hydrogel networks can be created by natural, synthetic or their hybrid polymers. Based on
the polymer origin, hydrogels can be classified into three major types: natural, synthetic and
synthetic/natural hybrid hydrogels. This section describes the properties of polymers that
have been used for designing and fabricating hydrogel scaffolds.

Natural polymers
Natural polymers have been used to make natural hydrogels as scaffolds for tissue
engineering owing to their biocompatibility, inherent biodegradability and critical biological
functions. There are four major types of natural polymers (Table 1), including:

• Proteins [28–39], such as collagen, gelatin, fibrin, silk, lysozyme, Matrigel™, and
genetically engineered proteins [40–49], such as calmodulin (a calcium-binding
protein), elastin-like polypeptides and leucine zipper;

• Polysaccharides [50–55], such as hyaluronic acid (HA), agarose, dextran and
chitosan;

• Protein/polysaccharide hybrid polymers [56–63], such as collagen/HA, laminin/
cellulose, gelatin/chitosan and fibrin/alginate;

• DNA [64–68].

However, the use of natural hydrogels is often restricted because of concerns regarding
potential immunogenic reactions and relatively poor mechanical properties [7,15–17].

Various proteins have been used to make natural-hydrogel tissue-engineering scaffolds.
Among them, collagen, the most abundant protein in mammals, is a representative natural
polymer to fabricate natural hydrogels. Collagen can be degraded naturally by metallo-
matrix proteinases (MMPs) – specifically, collagenase – allowing for local degradation
controlled by cells present in the engineered tissue. Gelatin is a derivative of collagen,
formed by breaking the natural triple-helix structure of collagen into single-strand molecules
by hydrolysis. Gelatin is less immunogenic compared with its precursor and presumably
retains informational signals like the Arg–Gly–Asp (RGD) sequence, thus promoting cell
adhesion, migration, differentiation and proliferation [18,29]. Matrigel is a gelatinous
protein mixture secreted by Engelbreth–Holm–Swarm (EHS) mouse sarcoma cells, mainly
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consisting of laminin, collagen type IV, enlactin and various GFs [37]. This mixture
resembles the complex extracellular environment found in many tissues, and has been used
widely as scaffolds for cell differentiation, tissue vascularization and angiogenesis [38,39].
Protein-based hydrogels can be formed by thermal gelation and their mechanical properties
can be enhanced using chemical crosslinkers such as glutaraldehyde.

Polysaccharides are another major type of natural polymer used to make hydrogels for tissue
engineering. The ECM component hyaluronic acid (HA) possesses a non-sulfated
glycosaminoglycan (GAG) structure and is widely distributed throughout the ECM of all
connective tissues. HA plays an essential role in many biological processes such as tissue
hydration, nutrient diffusion, proteoglycan organization and cell differentiation.
Polysaccharides can be modified with the attachment of various functional groups such as
acrylate, thiol and amine for hydrogel formation [50,51]. A variety of polysaccharides like
HA, heparin, chitosan, dextran and alginate have been explored as hydrogels for tissue
engineering owing to their good biocompatibility, biodegradability, as well as excellent gel-
forming properties [51–55]. Polysaccharide hydrogels can be formed by covalent
crosslinking, chemical conjugation, esterification and polymerization. In addition,
polysaccharides have been combined with proteins such as collagen, gelatin, laminin and
fibrin to form an interpenetrating network or composite hydrogels [56–64].

DNA is a polynucleotide with deoxyribose sugars joined at both the 3′-hydroxyl and 5′-
hydroxyl groups to phosphate groups through ester links. Two polynucleotide chains, held
together by weak intermolecular forces, form a DNA molecule. DNA has received
considerable attention as a promising building material for fabricating hydrogels owing to its
ability to form predictable hydrogel networks through self-assembly, electrostatic
interaction, chemical crosslinking or enzymatic ligation [65,66]. The distinct difference
between DNA hydrogels and other natural hydrogels is that the crosslinking of DNA can be
realized very efficiently using self-assembly or ligase-mediated reactions carried out under
physiological conditions. Fine-tuning of these hydrogels is easily accomplished by adjusting
the initial concentrations and types of DNA monomers. DNA molecules can be designed
and synthesized with multiple arms and complementary sticky ends. These branched DNA
monomers include X-, Y- and T-shaped DNA [67–69], which can be tailored to form DNA
hydrogel networks for specific biomedical applications, such as 3D cell culture, cell
transplant therapy, controlled drug delivery and cell-free protein production. DNA hydrogels
are biodegradable, and their biodegradability is dependent on the branched structure and
concentration of DNA molecules, loaded drugs and the environment (e.g., in the absence or
presence of nucleases) [65].

Synthetic polymers
Compared with natural polymers, synthetic polymers possess more reproducible physical
and chemical properties, which is critical for the fabrication of tissue-engineering scaffolds.
Currently, synthetic polymers have emerged as an important alternative choice for
fabricating hydrogel tissue-engineering scaffolds because they can be molecularly tailored
with block structures, molecular weights, mechanical strength and biodegradability [7–17].
Synthetic polymers used for preparing synthetic hydrogels can be classified into three major
types, including nonbiodegradable [70–81], biodegradable [82–106] and bioactive polymers
[107–119].

Nonbiodegradable synthetic polymers—For nonbiodegradable applications in tissue
engineering, it is essential for the hydrogels to maintain physical and mechanical integrity.
Mechanical stability of the gel is an important consideration when designing a scaffold. The
strength of hydrogels can be increased by incorporating crosslinking agents, comonomers,
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and increasing the degree of crosslinking [21–23]. There is an optimal degree of
crosslinking since a higher degree of crosslinking also leads to brittleness and less elasticity.
Elasticity of the gel is important to give flexibility to the crosslinked chains, and to facilitate
the movement or diffusion of the incorporated bioactive agents. Thus, a compromise
between mechanical strength and flexibility is necessary for the appropriate use of the
nonbiodegradable hydrogels as tissue-engineering scaffolds.

Nonbiodegradable synthetic hydrogels can be prepared from the copolymerization of
various vinylated monomers or macromers [70–78], such as 2-hydroxyethyl methacrylate
(HEMA), 2-hydroxypropyl methacrylate (HPMA), acrylamide (AAm), acrylic acid (AAc),
N-isopropylacrylamide (NIPAm), and methoxyl poly(ethylene glycol) (PEG) monoacrylate
(mPEGMA or PEGMA), with crosslinkers, such as N,N′-methylenebis(acrylamide) (MBA),
ethylene glycol diacrylate (EGDA) and PEG diacrylate (PEGDA), as shown in Figure 2.
Another method to form nonbiodegradable hydrogels is to use nonbiodegradable polymers
[79–81], such as self-assembly of Pluronic® polymers with a structure of poly(ethylene
oxide) (PEO)-poly(propylene oxide) (PPO)-PEO, chemical cross-linking of modified
poly(vinyl alcohol) (PVA), and radiation cross-linking of linear or branched PEG.
Nonbiodegradable hydrogels have been used for engineering bone and cartilage [76,78], but
are limited in engineering vascular constructs or other soft tissues owing to their
nonbiodegradability.

Poly(N-isopropylacrylamide) (PNIPAm) has been investigated extensively as a thermo-
sensitive polymer, which can form thermosensitive hydrogels from free radical
copolymerizing of NIPAm with crosslinkers like MBA [73,74]. PNIPAm hydrogels swell in
water at temperatures less than the lower critical solution temperature (~32°C). The
formation of hydrogen bonds between water molecules and the amide groups of PNIPAm
plays a dominant role in the intermolecular association. However, when the temperature is
higher than the lower critical solution temperature, hydrophobic interaction between the
isopropyl groups of PNIPAm side chains plays a more dominant role, which results in phase
separation and deswelling of the hydrogels. Pluronic is another polymer that can form
thermoreversible hydrogels [75]. This unique property of temperature-responsive swelling/
deswelling can be used to detach cell layers for engineering special tissues like cornea or
cell sheets [73,79].

PEG is the most widely investigated polymer used to make hydrogels due to its unique
properties, such as solubility in water and in organic solvents, nontoxicity, low protein
adhesion and nonimmunogenicity [76–78]. Furthermore, the end hydroxyl groups of PEG
molecules can be easily modified with various functional groups, such as carboxyl, thiol and
acrylate, or attached to other molecules or bioactive agents [7]. PEG-based hydrogels can be
prepared by radiation crosslinking of PEG or free radical polymerization of PEG
macromers. PVA is another synthetic hydrophilic polymer that has been explored as
hydrogels for tissue-engineering applications [80,81]. PVA hydrogels can be formed by
physically crosslinking through repeated freezing/thawing methods, or chemically
crosslinked with glutaraldehyde or epichlorohydrin. PVA can also be modified with acryloyl
chloride or glycidyl methacrylate to generate reactive acrylate groups through the pendant
hydroxyl groups, followed by crosslinking polymerization to form hydrogels. In addition,
PVA can blend with other water-soluble polymers to form hydrogels.

Biodegradable synthetic polymers—Biodegradability is one of the most important
considerations of scaffolds for tissue engineering. It is highly desirable to ensure that the
biodegradation rate coincides with new tissue regeneration at the defect site [2,6,8]. Many
polymers created in nature are biodegradable, such as proteins, cellulose, starch and chitin,
but they are limited in making hydrogel scaffolds with tailored biodegradability and
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mechanical properties. Synthetic biodegradable polymers have been extensively studied
throughout the last decades. Polyesters are the most widely used biodegradable polymer for
scaffold fabrication, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(ε-
caprolactone) (PCL) and their copolymers [6,17]. They can be used to modify hydrophilic
polymers like PEG to form acrylated macromers or amphiphilic polymers for fabricating
biodegradable hydrogels via chemical or physical crosslinking [82–93]. For example, as
shown in Figure 3, triblock copolymers, PLA–PEG–PLA and PEG–PLA–PEG have been
synthesized and end capped with acrylate groups to generate PLA-modified PEG diacrylates
[82,84]. These polyester-containing macromers can be photopolymerized to form
hydrolytically degradable hydrogels. In addition, some crosslinkers containing functional
groups, such as acetal, ketal, disulfide and poly(propylene fumarate) (PPF), have been used
to make biodegradable PEG hydrogels [94–96].

Michael addition has been used to form PEG hydrogels with enhanced biodegradation. For
example, PEGDA or multi-arm PEG-acrylated macromers can react with thiol-containing
molecules like dithiothreitol or cysteine-containing peptides via Michael addition to create a
hydrogel network with a thioether bond proximal to the acrylate ester bond [86,87]. The
presence of the thioether bond establishes a positive charge on the carbonyl carbon of the
acrylate ester group, thereby enhancing its reactivity toward nucleophilic hydroxyl anions in
the primary step of ester hydrolysis. Another strategy to make biodegradable PEG hydrogels
is to incorporate disulfide linkage into PEGDA structure to generate disulfide-containing
PEG diacrylate, PEG(SS) DA (Figure 3) [89]. The disulfide linkages can be cleaved
reductively by thiol-containing molecules, such as cysteine and glutathione. Thus, the
resulting hydrogels can be degraded by cysteine- containing peptides or proteins, which
offers a convenient pathway to control the scaffold biodegradability.

Synthetic self-assembling peptides have attracted much attention for use in peptide
hydrogels because of their excellent bio-compatibility and biodegradability, adaptable
structure that allows for specific interaction, and nanofibrous network formation that mimics
the natural ECM fibrillar structure [97–99]. There are two major types of these peptides,
including self-complementary peptides (SCPs) and peptide amphiphiles (PAs). SCPs, such
as Arg–Ala–Asp (RAD)-16, consist of short oligomers of alternating hydrophilic and
hydrophobic amino acid residues that trigger self-assembly into well-ordered nanofibers and
then further into hydrogel scaffolds upon exposure to physiological pH and ionic strength
[97]. There are two distinctive sides for SCPs: one hydrophobic and the other hydrophilic.
The hydrophobic side forms a double sheet inside of a fiber. The hydrophilic side is ionic
self-complementary owing to the presence of both positive and negative side chains on one
side of the β-sheet, which forms the outside of the nanofibers that interact with water
molecules, forming an extremely high water content hydrogel. PAs are a class of molecules
that combine the structural features of amphiphilic surfactants with the peptides as the
hydrophilic block and alkyl or fluorenylmethyloxycarbonyl (Fmoc) groups as the
hydrophobic block [100,101]. The most important design element of PAs is the amphiphilic
nature of the molecules. The amphiphilicity that results from the incorporation of the
hydrophobic alkyl or Fmoc group allows self-assembly of PAs into nanofibers, followed by
entangling to form a hydrogel network. Research results have shown that self-assembling
peptide nanofibrous hydrogels have the capacity to form stable hydrogels for encapsulating
cells for tissue engineering [102–106].

Bioactive synthetic polymers—The major limitation of the above synthetic hydrogels
as tissue-engineering scaffolds is lack of cell-specific bioactivities, such as cell adhesion,
migration and cell-mediated biodegradation. To overcome this limitation, bioactive
molecules have been incorporated into synthetic hydrogels to mediate specific cell functions
[2,3,26,27]. The principle is to attach those bioactive elements (e.g., peptides and GFs) to
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the hydrogel network during or after hydrogel formation [7,11], as shown in Figure 4. A
variety of ECM component-derived peptides or bioactive molecules have been used to
modify synthetic polymers for fabricating bioactive hydrogels, including cell-adhesive
[107,108], enzyme-sensitive [104,105], GF-binding [110,111] and other bioactive hydrogels
[112–119], such as matrix protein-binding, immune-isolating and nitric oxide (NO)-bearing.
Their physical properties (e.g., network parameters, mechanical strength and diffusive
profile) and bioactivities (e.g., cell adhesion, migration and scaffold biodegradation) can be
tailored by molecular design. Compared with natural hydrogels, bioactive synthetic
hydrogels offer an improved control of the matrix architecture and chemical composition,
and also provide a biomimetic environment for cell growth and tissue formation.

Synthetic/natural hybrid polymers
Synthetic polymers can be easily synthesized on a large scale and manipulated at a
molecular level by polymerization, crosslinking and functionalization; however, most
synthetic hydrogels alone usually only function as passive scaffolds for cells and do not
foster active cellular interactions [17,18]. As mentioned previously, natural polymers like
proteins exhibit distinct tertiary structures, and regulate active cellular response, biological
recognition and cell-triggered remodeling. Thus, the combination of the characteristics of
synthetic and natural polymers to make hybrid hydrogels has become a direct approach to
create bioactive hydrogel scaffolds for tissue engineering. These hybrid hydrogel polymers
include:

• PEG-modified natural polymers [120–126], such as heparin, dextran, HA,
fibrinogen and albumin;

• PNIPAm-modified natural polymers, such as collagen, chitosan and alginate [127–
131];

• Synthetic peptide-modified proteins or polysaccharides [132–136];

• PVA and other synthetic polymer (e.g., Pluronic)-modified natural polymers [137–
140].

Compared with using bioactive synthetic polymers, this method is advantageous in creating
bioactive hydrogels without complicated synthesis for bioconjugation; however, it still has
concerns in immunogenic reactions and infection when using animal-derived natural
polymers.

Synthetic/natural hybrid hydrogels can be made by covalent bonding of synthetic and
natural polymer blocks via chemical conjugation or polymerization. The synthetic block
provides tunable physical properties, while the natural block provides specific biological
functions. Many naturally occurring biopolymers, such as collagen, fibrinogen, hyaluronic
acid, chitosan and heparin, have been used to make hybrid hydrogels with synthetic
polymers, such as PEG, PNIPAm and PVA [121,128,138]. The hybridization can occur at a
molecular level depending on the size and nature of building blocks. This hybrid method
considerably expands the design and application of hydrogels, which offers the flexibility in
engineering hydrogel scaffolds with desirable molecular architectures, chemical
compositions and mechanical properties. Much research has been carried out to maintain the
structure and function of natural polymers upon chemical modification in order to design
well-integrated hybrid materials with structurally and biologically active components.

Design & synthesis of ECM-mimetic hydrogel scaffolds
The extracellular matrix (ECM) is a complex network structure that surrounds and supports
cells. It is filled with ECM molecules like proteins and proteoglycans, which are secreted by
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the cells (Figure 5). Cell receptors bind both soluble and tethered signaling cues from the
ECM environment, while simultaneously, cells send out signals to actively construct and
degrade their microenvironment for remodeling. Thus, the ECM acts not only as a
mechanical scaffold for the cells, but also a bioactive and dynamic environment that
mediates cellular functions [141,142]. It is highly desirable to synthesize scaffolds to mimic
the structure and biofunctions of the natural ECM [143–145]. To date, numerous bioactive
peptide sequences derived from ECM proteins such as fibronectin, laminin and collagen,
have been incorporated into synthetic hydrogels. To tether ECM-derived biomolecules to the
hydrogel networks, reactive groups, such as acrylate, amine, thiol, azide, maleimide and
biotin/strepavidin, have been used to functionalize peptides and polymers for hydrogel
formation. Bioactive molecules, such as cell-adhesive peptides (CAPs), enzyme-sensitive
peptides (ESPs), GFs and other specially functionalized molecules have been used to modify
synthetic hydrogels to mimic one or more ECM biofunctions, such as cell adhesion [146–
181], proteolytic degradation [182–208], GF-binding [209–214], matrix protein-binding
[112–114], immune-isolating [115–117] and nitric oxide (NO)-binding [118,119]. This
section mainly focuses on the design and fabrication of three major type bioactive hydrogels
with ECM-mimetic properties, including cell-specific adhesion, enzyme-sensitive
biodegradation and GF binding.

Cell-adhesive hydrogels
Cell attachment to the ECM is an obvious prerequisite for a number of important cell-
function processes, such as cell proliferation and cell migration [141,142]. The ECM
provides cell-adhesive domains for binding cell surface receptors, such as integrins,
selectins, CD44 and syndecan. These interactions between cell-binding domains and cell
receptors play central roles in the tissue development, organization and maintenance, by
providing anchorage and triggering signals that direct cell function, cell-cycle progression
and expression of differentiated phenotypes. To mimic these specific cell/matrix
interactions, a variety of ECM protein-derived CAPs have been used for cell-adhesive
modification of synthetic hydrogels (Figure 6A). Unlike the entire protein structure, which is
subject to denaturation and degradation, short peptide sequences have the advantage of
being relatively stable for modification, tunable for cell binding, and are easy to synthesize
on a large scale. However, this approach assumes that the selected short peptide sequence
retains its biological functional specificity when isolated from its native protein structure. A
good example is the RGD sequence, which retains its integrin-binding specificity even
though there is some decrease in affinity relative to the native ECM protein such as
fibronectin. On the other hand, if the sequence is part of an ordered secondary structure
(e.g., β-sheet and α-helix) in the native protein, it is unlikely that specificity will be retained.

The general method for fabricating cell-adhesive hydrogels is to chemically conjugate CAPs
on the hydrogel network or copolymerize CAP-modified monomers with other macromers.
Bioadhesive peptides are mainly derived from six ECM proteins, including fibronectin
[146–164], vitronectin [165], bone sialoprotein [165], laminin [166–175], collagen [176–
178] and elastin [179–181]. The most commonly used CAP for cell-adhesive modification is
RGD, which is derived from the integrin-binding domain of fibronectin, laminin and
collagen. Other peptide sequences include fibronectin-derived KQAGDV, REDV and
PHSRN, laminin-derived YIGSR, LGTIPG, IKVAV, PDGSR, LRE, LRGDN and IKLLI,
collagen-derived DGEA and GFOGER, and elastin-derived VAPG (Table 2).

Various reactive groups, such as amine, carboxyl, thiol, azide and vinyl, have been used to
functionalize peptides for incorporation into hydrogels [7,11,13]. Among them, acrylation is
the most widely applied method to modify the peptide N-terminus to generate peptide
monoacrylate [107], such as RGD-monoacrylate (RGD-MA) and RGD-PEG monoacrylate
(RGD-PEGMA) with a PEG spacer (Figure 6B). Both RGD-MA and RGD-PEGMA can
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copolymerize with PEGDA or other macromers to create cell-adhesive hydrogels. For
example, human umbilical vein endothelial cells (HUVECs) possessed a rounded
morphology with no evidence of spreading 4 h after seeding on PEGDA hydrogels (Figure
7A), and had a decreased cell density after 24 h (Figure 7B), suggesting that HUVECs have
only weak, nonspecific interactions with this material. However, the PEGDA hydrogels with
incorporation of 1% (w/v) of RGD-PEGMA showed higher initial cell attachment and some
cell spreading 4 h after seeding of HUVECs (Figure 7C) and extensive spreading after 24 h
(Figure 7D). The enhanced attachment and spreading on RGD-modified PEGDA hydrogels
were attributed to the specific binding of HUVECs to the RGD ligands present on the
hydrogel surface.

To control the peptide spatial organization, RGD peptides can be attached in the middle of
the PEGDA chain to create RGD-PEGDA (Figure 6B) [147]. RGD-PEGDA has a similar
structure to PEGDA with two acrylate groups on both ends, which has the advantage to be
incorporated into hydrogels with higher peptide density without significantly affecting the
scaffold mechanical properties, compared with RGD-PEGMA. In addition, the RGD
sequence in the cell-binding domain of fibronectin is exposed at the tip of a random coil
loop with a spatial constraint that results in increased affinity for cell binding. To enhance
the cell binding, a PEG macromer with cyclic RGD (cRGD) attached in the middle of PEG
chain, cRGD-PEGDA, has been synthesized [148]. Results show that the incorporation of
cRGD peptides into the PEGDA hydrogels can better mimic the native RGD loop structure
and benefits the cell-binding affinity in the cell-specific adhesion.

Enzyme-sensitive hydrogels
Desirable tissue formation requires the cells to express signals to control the biodegradation
of synthetic scaffolds like the natural remodeling of the ECM [2,6–8,14]. If the
biodegradation is more rapid than the tissue regeneration, the scaffolds will lose their carrier
function for cell growth; on the other hand, if the biodegradation is too slow compared with
tissue regeneration, the scaffolds will impede tissue regeneration. As well-known, the
proteolytic degradation of the natural ECM is an essential feature of a variety of biological
processes, such as cell migration, tissue repair and remolding [108,109]. Most ECM
proteins, such as collagen [182–184], laminin [185–187] and fibrin [188–190], have specific
cleavage sites for degradation by enzymes, such as matrix metalloproteinases (MMPs),
plasmin and elastase (Table 3). Among them, MMPs play a crucial role in defining the
cellular environment through regulated degradation and processing of ECM proteins
[182,183]. The incorporation of polyester segments (e.g., PLA and PGA) into synthetic
hydrogels has been used to enhance the scaffold biodegradation, but this hydrolytic
degradation process is not responsive to cellular signals or cell-secreted enzymes. The best
way to impart biodegradability is to exploit the proteolytic degradation mechanisms
presented in the ECM with the incorporation of ESP sequences.

Various ESPs have been used to prepare enzyme-sensitive synthetic hydrogels [182–208], as
listed in Table 3. To incorporate ESPs into hydrogels, two major methods have been
explored, including:

• Free radical polymerization of ESP diacrylates, such as ESP-PEGDA macromers
prepared from acrylation of ESP diamine (containing two amine groups on both
peptide ends) with a PEG spacer (Figure 8A) [197–201];

• Michael addition of ESP dithiol (containing two cysteine residues on both peptide
ends) with multi-arm PEG vinyl sulfone or acrylate (Figure 8B) [189,190,193,194].

Peptides like collagen-derived GPQGIAGQ and peptide library-derived GPQGIWGQ,
APGL and LGPA have been used to make MMP-sensitive hydrogels [184,191–194,197–
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200], while fibrin-derived YKNRD and VRN have been used to make plasmin-sensitive
hydrogels [189,190]. Elastase-sensitive peptides (e.g., AAAAAAA, AAPV and
AAPVRGGG) [201–204] and chymotrypsin-sensitive peptides (e.g., GGYRG) [205] have
been used for proteolytic modification of PEG hydrogels. Short peptide sequences, such as
GL, GFL and GFGL, have also been functionalized with dimethacrylate for crosslinking
HEMA or HEMA/PEGMA to make papain-sensitive hydrogels [206]. In addition, ESP
trithiols (with three cysteine residues) like GCYKNRGCYKNRCG have been developed to
make plasmin-sensitive hydrogels by Michael addition with 4-arm PEG acrylate or sulfone
[188]. Compared with ESP dithiols, this kind of design of trifunctional crosslinking peptides
has the advantage of preventing nonfunctional dangling ends during Michael addition and
enhance the number of elastically active crosslinks in the hydrogel networks.

The enzyme-sensitive designs can also be used to modulate cell adhesion to synthetic
hydrogels. The incorporation of enzyme-cleavable CAPs is expected to mimic the natural
ECM that provides temporary cues for the regulation of cellular responses and tissue
development. PENFF is one of the major peptide sequences at the MMP-13 cleavage site of
aggrecan, a cartilage ECM component [207]. A cysteine-containing bifunctional peptide,
CPENFFRGD has been incorporated into PEG hydrogels by thiol–acrylate
photopolymerization [208]. This peptide has the sequence of PENFF for MMP-13-sensitive
cleavage and the RGD motif for cell adhesion. The resulting hydrogels provide a platform
that mimics the native upregulation and downregulation of cell-adhesive proteins by the
cell-secreted enzymes in the ECM to mediate cell differentiation.

GF-bearing hydrogels
Growth factors are a class of proteins or polypeptides that play a key role in modulating cell
functions, such as differentiation, migration, proliferation and gene expression [209,210].
The dosage response of GFs like VEGF is highly sensitive for tissue formation [211,212].
ECM components like proteins and glycans have functional domains for binding GFs and
modulating their release [213,214]. To mimic the function of the ECM as the reservoir of
GFs, researchers have incorporated GFs into hydrogels during or after the hydrogel
fabrication by covalent and noncovalent means. Specifically, there are four major strategies
for incorporating GFs into synthetic hydrogels, including direct loading [215–218], carrier-
encapsulating [219–226], covalent bonding [227–233] and reverse binding [234–243], as
shown in Figure 9.

Direct loading—Hydrogels have unique characteristics, such as the ability to act as
carriers for controlling the release of bioactive molecules and as scaffolds for encapsulating
cells [2–12]. It is highly desirable to combine tissue engineering with controlled drug
delivery in the same system to regulate cell response and tissue formation. Both
nonbiodegradable and biodegradable hydrogels have been used for encapsulating GFs for
controlled release owing to their highly swollen crosslinked network structure [215–218].
The easiest way is to load GFs into hydrogels directly during hydrogel formation (Figure
9A). Various models have been developed to predict the release of active agents from
hydrogels as a function of time. The release rate-limiting step is dependent on different
mechanisms, including diffusion-, swelling- and chemically-controlled release. Diffusion is
the most widely applicable mechanism to describe drug release from hydrogels [23].
Swelling-controlled release occurs when diffusion of drug is faster than hydrogel swelling.
Chemically-controlled release is determined by reactions occurring within a hydrogel
scaffolds. The most common reactions are the cleavage of polymer chains via hydrolytic or
enzymatic degradation. The direct loading of GFs into hydrogels typically shows a rapid
burst release during the initial phase, since the rate of protein release is generally diffusion-
controlled through aqueous channels within the hydrogels [109,110]. Thus, it is a great
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challenge for the direct loading method to control the GF release over a long time without
burst release.

Carrier encapsulating—To retard the release of GFs from hydrogels and achieve a
sustained release over extended periods, GF-loaded carrier systems, such as microparticles
and nanoparticles, have been incorporated into hydrogels [109,212], as shown in Figure 9B.
A variety of polymers have been used to fabricate micro-/nano-particles as carrier systems
for encapsulating and releasing GFs, including synthetic polymers [212,219,220], such as
PVA, PEO-PPO-PEO, PLA, PLGA and PCL, and natural polymers [110,221–226], such as
gelatin, alginate, chitosan and dextran sulfate. Compared with the direct loading method, the
strategy of using delivery systems has several advantages, such as protecting GFs from
inactivation occurring in biological environments, and supplying adequate local GF
concentration in the form of temporal and spatial gradients. Sustained release from
encapsulated carrier systems in hydrogels can provide an optimal level of GFs over extended
periods, which is required for the formation of stable tissues. However, the carrier
encapsulating method may still have the initial burst release, and the use of hydrophobic
polyesters may result in the denaturation of GFs.

Covalent bonding—As an alternative to the previously described two methods, GFs can
also be covalently attached to the hydrogel network (Figure 9C). For example, recombinant
VEGF has been engineered with cysteine for tethering to PEG networks by Michael-type
addition with multi-arm PEG vinyl sulfone [227–229]. In addition, GFs, such as bFGF, EGF
and TGFβ can also be acrylated with acryloyl-PEG-carboxy succinimidyl ester (Acr-PEG-
NHS) and copolymerize with PEG macromers to generate GF-tethered PEG hydrogels
[230–232]. Results show the covalently tethered GFs maintaining mitogenic activity, and
enhancing fibroblast proliferation and migration. In addition, GF-derived peptides like bone
morphogenetic protein (BMP)-derived KIPKASSVPTELSAISTLYL have been
incorporated into PEG hydrogels by Click chemistry [233] in order to enhance the
osteogenic differentiation of bone marrow stromal cells. The covalent bonding method is
effective in eliminating the burst release of GFs; however, this method needs the chemical
functionalization of GFs, which may result in structural damage to the GFs.

Reverse binding—Naturally, GFs associate with the ECM components, especially
glycosaminoglycans (GAGs) such as heparin, chondroitin sulfate and HA [213,214]. This
association is important to stabilize the GF’s active conformation and protect it from
immediate clearance. Those GAGs play an important role in modulating the stability,
activity, release and spatial localization of GFs. To mimic the GF binding mechanism of
GAGs in the natural ECM, a variety of methods have been developed to chemically
functionalize heparin, chondroitin sulfate and HA for making GAG-bearing hydrogels by
thiol-acrylate or thiol-maleimide Michael addition, specific binding, amine-carboxyl
conjugation and copolymerization [234–243]. Heparin is a linear, unbranched, highly
sulfated GAG, and it has been used to mediate a wide range of biological activities such as
cell adhesion, cell mobility, cell proliferation and tissue morphogenesis via binding to
various cell regulatory proteins [234,235]. The polysaccharide backbone of heparin has
hydroxyl and carboxyl groups, which are versatile for chemical modification and
bioconjugation. The carboxyl groups on heparin can react directly with the amine groups on
multi-arm PEG or its derivatives, and the hydroxyl groups can be acrylated to form heparin
macromers for copolymerization with other macromers [234–242]. Another method to make
GF-binding hydrogels is to develop affinity hydrogels [242,243], for example, using biotin-
containing PEG hydrogels for specific interaction with strepavidin-modified GFs like bFGF,
or making hydrogels with incorporated GF-binding peptide, KRTGQYK, for binding of
bFGF [243].
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The development of GF-associating or binding hydrogels has emerged as an important
strategy to mimic the ECM biofunction to deliver GFs (Figure 9D). This method has the
advantage of maintaining the biological bioactivity of GFs upon release and overcoming the
potential damage to GFs that may result from the covalent bonding method. However, it
needs to attach GF-binding components like GAGs to the hydrogel network, and it still
remains a challenge in controlling the loading and release of GFs since these processes are
dependent on the affinity of GFs with GAGs.

Expert commentary
Hydrogels are promising scaffolds for tissue-engineering applications due to their high
swollen 3D structure, ability to encapsulate cells and bioactive molecules, efficient mass
transfer, and easily manipulated physical properties. Highly hydrated hydrogels provide
ideally cellular microenvironments for cell proliferation and differentiation. Natural
polymers have frequently been used to make hydrogel scaffolds for tissue-engineering
applications owing to their biocompatibility, inherent biodegradability and critical biological
functions. Compared with natural polymers, synthetic polymers possess more reproducible
chemical and physical properties, which is critical for the fabrication of tissue-engineering
scaffolds. Bioactive synthetic hydrogels have emerged as promising hydrogel scaffolds
because they can be molecularly tailored with block structures, molecular weights,
mechanical strength and biodegradability, and also they can mimic the natural ECM to
provide a desirable cellular environment for supporting cell growth.

To develop suitable hydrogel scaffolds, the biodegradation rate and mechanical strength of
hydrogels must match the tissue growth and the new ECM production. In general, these
properties can be fine-tuned through variations in the chemical structure, crosslinking
density and peptide incorporation in hydrogels. For a given hydrogel system, activities of
seeded cells can be regulated by attaching specific bioactive moieties to the hydrogel
network. The attachment of ECM-derived peptides to synthetic polymers has emerged as an
important strategy for fabricating bioactive hydrogels. Much effort has been devoted to the
control of ligand density and spatial distribution in synthetic hydrogels to modulate specific
cellular responses for tissue formation. A number of cell lines, including fibroblasts,
chondrocytes, vascular smooth muscle cells and endothelial cells, osteoblasts, neural cells
and stem cells have been immobilized on bioactive hydrogels to provide fundamental
knowledge of cell/scaffold interactions.

Five-year view
Cells and bioactive molecules can be readily integrated into the soft tissue-like hydrogel
scaffolds. Although many efforts have been made to improve hydrogels for the development
of functional engineered tissues, the future success in engineering of large tissues or organs
is highly dependent on the design of bioactive hydrogel scaffolds with controlled physical,
chemical and biological properties. A desirable bioactive hydrogel scaffold property is to
mimic the structural and biological properties of the natural ECM found in tissue. Current
bioactive synthetic polymers are still limited in mimicking multiple biofunctions of the
ECM. An important future work is to mimic the ECM as closely as possible, in order to
design synthetic hydrogels that will form an ideal microenvironment to support cell growth
and tissue regeneration. There is a continuing need to develop novel strategies to control the
incorporation and release of cellular biofactors like GFs so that specific signals can be
delivered in an appropriate spatial and temporal manner.
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Key issues

• Hydrogels are a class of water-swollen polymers with physical or chemical
crosslinks, high water content and physical properties similar to soft tissues.

• Hydrogels can be prepared from natural, synthetic or synthetic/natural hybrid
polymers, and can encapsulate both cells and bioactive molecules for regulating
cellular response and guiding tissue formation.

• The equilibrium swelling capacity of hydrogels is a balance between swelling
and elastic forces, and the proper design of swelling parameters allows for
hydrogel scaffolds to control the diffusion of bioactive molecules and migration
of cells through the complex network structure.

• Natural hydrogels possess inherent biocompatibility, biodegradability and
biologically recognizable moieties that support cellular activities; however, they
may not provide sufficient mechanical properties and evoke immune/
inflammatory responses.

• Synthetic hydrogels can be tailored with structures, biodegradability and
functionality. The emerging biomimetic strategy has attracted much attention to
design and synthesize extracellular matrix (ECM)-like bioactive hydrogels for
tissue engineering.

• Short peptide sequences derived from the bioactive domains of ECM
components have been used to design bioactive synthetic hydrogels as tissue-
engineering scaffolds with ECM-mimetic biofunctions, such as cell-specific
adhesion, enzyme-sensitive degradation and growth factor-binding.

• There is a continuing need for highly efficient methods for fabricating bioactive
hydrogels for tissue engineering, in order to mimic the ECM structure and
function with conjugating a broad class of bioactive molecules to regulate
cellular response.
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Figure 1. Schematic of hydrogel structure with hydrophilic polymer chains connected through
crosslink points or crosslinking polymers
Mc represents the number average molecular weight between two adjacent crosslinks, which
is related to the degree of crosslinking. ξ represents the network mesh size and is indicative
of the distance between consecutive crosslinking points.
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Figure 2. Structures of monomers or macromers (HEMA, AAm, AAc, NIPAm and mPEGMA),
and crosslinkers (MBA, EGDA and PEGDA) for preparing nondegradable synthetic hydrogels
AAc: Acrylic acid; AAm: Acrylamide; EGDA: Ethylene glycol diacrylate; HEMA: 2-
hydroxyethyl methacrylate; MBA: N,N′-methylenebis(acrylamide); mPEGMA: Methoxyl
poly(ethylene glycol) monoacrylate; NIPAm: N-Isopropylacrylamide; PEGDA:
Poly(ethylene glycol) diacrylate.
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Figure 3. Structures of macromers, PLA–PEG–PLA and PEG–PLA–PEG diacrylates, and
PEG(SS)DA for preparing degradable synthetic hydrogels.<
br>PEG: Poly(ethylene glycol); PEG(SS)DA: Disulfide-containing PEG diacrylate; PLA:
Poly(lactic acid).
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Figure 4. Model of bioactive synthetic hydrogels
Cell-adhesive and enzyme-sensitive peptides can be incorporated into hydrogels to make
hydrogels as cell-adhesive and biodegradable scaffolds. Growth factors can also be
covalently attached on, or reversely bind with, the hydrogel network to mediate cellular
response and regulate tissue formation.
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Figure 5. Model of complex 3D structure of the natural extracellular matrix and the interactions
between cells and the extracellular matrix components
Extracellular matrix proteins such as collagen, laminin and fibronectin are embedded in
highly negatively charged polysaccharide-rich glycans, including glycosaminoglycans and
proteoglycans. The extracellular matrix components provide cell-adhesive domains for
binding cell-surface receptors, such as intergrins, selectins, CD44 and syndecan.
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Figure 6. Preparation of cell-adhesive hydrogels
(A) Model of cell-adhesive hydrogels. Cell-adhesive peptides can be incorporated into the
hydrogel network by various methods, such as free radical copolymerization, Michael
addition and Click chemistry. (B) Structures of RGD-modified poly(ethylene glycol)
macromers: RGD-MA, RGD-PEGMA and RGD-PEGDA.
CAP: Cell-adhesive peptide; MA: Monoacrylate; PEGDA: Poly(ethylene glycol) diacrylate;
PEGMA: Poly(ethylene glycol) monoacrylate; RGD: Arg–Gly–Asp.
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Figure 7. Phase contrast images of 2D seeding and culturing of human umbilical vein endothelial
cells on hydrogels
(A & B) 2 and 24 h after seeding human umbilical vein endothelial cells (HUVECs) on 10%
(w/v) poly(ethylene glycol) diacrylate (PEGDA) hydrogels, respectively; (C & D) 2 and 24
h after seeding HUVECs on Arg–Gly–Asp (RGD)-PEGDA hydrogels made by
copolymerization of RGD-poly(ethylene glycol) monoacrylate (PEGMA; 1%, w/v) and
PEGDA (9%, w/v), respectively. The images show that HUVECs seeded on RGD-PEGDA
hydrogels exhibited higher initial cell attachment, greater cell spreading, and higher cell
density than on PEGDA hydrogels. (Scale bar: 100 μm).

Zhu and Marchant Page 32

Expert Rev Med Devices. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Schematic of the methods for the preparation of enzyme-sensitive hydrogels
(A) Free radical polymerization of ESP-containing PEGDA (ESP-EGDA). ESP-PEGDA can
be synthesized by the conjugation of ESP-2NH2 with acrylate-PEG-NHS. (B) Michael
addition of ESP-2SH and multiarm PEG sulfone, such as PEG-4VS.
ESP: Enzyme-sensitive peptide; ESP-2NH2: ESP diamine; ESP-2SH: ESP-dithiol;
PEG-4VS: 4-arm poly(ethylene glycol) vinyl sulfone; PEGDA: Poly(ethylene glycol)
diacrylate.
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Figure 9. Schematic of growth factor-bearing hydrogels
(A) Direct loading: GFs are encapsulated into hydrogels directly during hydrogel
preparation. (B) Carrier systems: carrier systems like micro- or nano-particles are used to
encapsulate GFs first, which are subsequently embedded in hydrogels during hydrogel
preparation. (C) Covalent bonding: GFs are covalently attached on the hydrogel network
through chemical conjugation or copolymerization. (D) Reverse binding: GF-binding
polymers or short peptides are incorporated into hydrogels by various reactions, such as free
radical copolymerization, Michael addition and chemical conjugation. The resulting
hydrogels can control the delivery of GFs through the reverse binding between GFs and the
incorporated GF-binding polymers or peptides.
CAP: Cell-adhesive peptide; GF: Growth factor.
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Table 1

Polymers used for fabricating hydrogel scaffolds for tissue engineering.

Hydrogel type Polymer Ref.

Natural hydrogel

Protein Collagen, elastin, fibrin, silk, lysozyme, Matrigel™ [28–39]

Genetically engineered proteins [40–49]

Polysaccharide HA, alginate, chitosan, dextran [50–55]

Protein/polysaccharide Collagen/HA, laminin/cellulose, fibrin/alginate [56–58]

Gelatin/agarose, chitosan, alginate, dextran [59–64]

DNA X-, Y-, T-DNA, linear plasmid DNA [65–69]

Synthetic hydrogel

Nonbiodegradable PHEMA, PHPMA, PNIPAm, Pluronic® [70–76]

PEGDA, PVA [77–81]

Biodegradable Degradable PEG [82–93]

PPF-PEG, PHEMA-PCL [94–96]

Synthetic peptides [97–106]

Bioactive Cell-adhesive hydrogels [107,108]

Enzyme-sensitive hydrogels [109,110]

Growth factor-bearing hydrogels [110,111]

Other bioactive hydrogels [112–119]

Synthetic/natural hybrid hydrogel

PEG/dextran, heparin, HA, CS, protein [120–126]

PNIPAm/proteins, chitosan, HA, alginate [127–131]

Synthetic peptides/proteins, polysaccharides [132–136]

PVA/DNA, CS; Pluronic/dextran; PHPMA/protein [137–140]

CS: Chondroitin sulfate; HA: Hyaluronic acid; PCL: Poly(ε-caprolactone); PEG: Poly(ethylene glycol); PEGDA: Poly(ethylene glycol) diacrylate;
PHEMA: Poly(2-hydroxyethyl methacrylate); PHPMA: Poly(2-hydroxypropyl methacrylate); PNIPAm: Poly(N-isopropylacrylamide); PPF:
Poly(propylene fumarate); PVA: Poly(vinyl alcohol).
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Table 2

Origins of cell-adhesive peptides and their cell receptors.

Origin Cell-adhesive peptides Cell receptor Ref.

Fibronectin RGD† Integrin [146–155]

PHSRN Integrin α5β1 [156,157]

EILDV Integrin α4β1 [158]

KQAGDV Integrin [159]

REDV Integrin α4β1 [160,161]

LIGRKK Heparin [162,163]

SPPRRARV Heparin [164]

WQPPRARI Heparin [164,165]

Vitronectin GKKQRFRHRNRKG Heparin [165]

Bone sialoprotein FHRRIKA Heparin [165]

Laminin IKVAV 110-kDa protein [166–168]

YIGSR 67-kDa protein [169–173]

PDGSR Integrin [174,175]

LRGDN Integrin [174]

LRE Integrin [175]

IKLLI Heparin [175]

Collagen DGEA Integrin α2β1 [176,177]

GFOGER Integrin [177]

GDR, GRD Integrin α2β1 [178]

Elastin VAPG 67-kDa protein [179–181]

†
RGD is also derived from laminin and collagen.
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Table 3

Origins of enzyme-sensitive peptides and their sensitive enzymes.

Origin Enzyme-sensitive peptide Sensitive enzyme Ref.

Collagen-I GPQGIAGQ MMP-1 [182–184]

Laminin QLLADTPV MMP [185]

YSGDENP MMP [186]

DENPDIE MMP-12 [187]

Fibrinogen YKNR, YKNRD Plasmin [188,189]

YKNS, YKND Plasmin [188]

NRV, NRD Plasmin [190]

Peptide library GPQGIWGQ MMP-1, MMP-12 [191–194]

GPQGILGQ MMP-1 [195]

GPQGLA MMP-13 [196]

LGPA MMP-1 [197–199]

APGL MMP-1 [200]

AAAAAAAAA Elastase [201]

AAPV Elastase [202,203]

AAPVRGMG Elastase [204]

GGYRG Chymotrypsin [204]

GL, GFL, GFGL Papain [206]

Aggrecan PENFF MMP-13 [207,208]

MMP: Matrix metalloproteinase.
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