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A B S T R A C T

Biological studies on the importance of carbohydrate moieties in tissue engineering have incited a growing
interest in the application of polysaccharides as scaffolds over the past two decades. This review provides a
perspective of the recent approaches in developing polysaccharide scaffolds, with a focus on their chemical
modification, structural versatility, and biological applicability. The current major limitations are assessed, in-
cluding structural reproducibility, the narrow scope of polysaccharide modifications being applied, and the
effective replication of the extracellular environment. Areas with opportunities for further development are
addressed with an emphasis on the application of rationally designed polysaccharides and their importance in
elucidating the molecular interactions necessary to properly design tissue engineering materials.

1. Introduction

With the aim of generating a suitable replacement for the biological
functions of damaged tissues and organs, tissue engineering has become
a rapidly expanding multidisciplinary field of research over the past few
decades. Although many clinical applications have been developed
(Laschke & Menger, 2016; Place, Evans, & Stevens, 2009), there remain
significant limitations to the types of tissue substitutes that may be
used, with a variety of materials and manufacturing approaches being
developed and assessed to address these issues. Though these tissue
engineering scaffolds are being designed and applied to a variety of
tissue types, the same overarching goal and its associated challenges
exist: to effectively mimic the structure and functions of the extra-
cellular environment being replaced. The scaffolds must provide sui-
table mechanical and chemical cues in order to direct the appropriate
cell behaviour to achieve the regeneration and replacement of the ne-
cessary biological functions (Frantz, Stewart, & Weaver, 2010;
Martínez-Calderon et al., 2016; O’Brien, 2011; Place et al., 2009). To
this end, the extracellular matrix (ECM) of the relevant site of im-
plantation is the ideal template in designing an effective scaffold.

As a major player in the regenerative process, the ECM provides
many biological cues that direct cell migration, adhesion, and differ-
entiation, while being degraded and reconstructed as needed (Crowder,
Leonardo, Whittaker, Papathanasiou, & Stevens, 2016; Curtis, Dalby, &
Gadegaard, 2006; Hutmacher, 2010; O’Brien, 2011). Naturally, many

materials used for these bioactive scaffolds are designed as analogs of
ECM components, while many polysaccharide materials naturally pre-
sent some analogous structures and functions to many of said compo-
nents, as the ECM is predominantly made up of proteoglycans, glyco-
saminoglycans, glycoproteins and glycolipids (Hynes & Naba, 2012;
Hynes, 2009; Naba et al., 2016; Russo & Cipolla, 2016). Along with the
similarity to ECM components, the significance of glycan moieties as
biomolecular cues (Dwek, 1996; Marth & Grewal, 2008; Johnson,
Jones, Ryan, & Cobb, 2013; Russo & Cipolla, 2016; Wang, 2014) and
the combinatorial possibilities of carbohydrates (Wang, 2014) establish
polysaccharides as a key player in the design of biomaterials for tissue
engineering.

The immense structural and functional diversity of polysaccharides,
in combination with the abundance and renewability of their sources,
have found them applications in a wide variety of fields. Owing to their
favourable characteristics such as biocompatibility and biodegrad-
ability, in combination with their structural and functional parallels to
the extracellular matrix, the extensive polysaccharide library is gaining
increasing interest within the tissue engineering field. Though the
current approaches and applications of polysaccharides satisfy many of
the properties necessary to achieve the desired cellular responses, they
are not without flaws. This review aims to provide a perspective of the
recent use of polysaccharides specifically within the tissue engineering
field, followed by an assessment of the limitations of currently im-
plemented approaches, and the associated enduring opportunities for
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future development.

2. Current state of the field

Over the past few years there has been an increasing interest in the
application of polysaccharide materials in the field of tissue en-
gineering. To help illustrate this, Fig. 1 shows the number of papers
published in the last two decades that have examined the use of poly-
saccharides in tissue engineering or regenerative medicine, separated
by the main component used. As can be seen, while there is an in-
creasing trend in the number of publications for tissue engineering in
general, there are a handful of polysaccharides that have been given the
greatest attention by the academic research community; namely chit-
osan, alginate, hyaluronan, and cellulose. To further assess the current
scientific landscape, and leveraging the same set of bibliographic data
used to generate Fig. 1 (ca. 11,000 articles), a bibliometric analysis was
performed.

The entire set of publication data was downloaded from the Web of
Science database (e.g. titles, abstracts, authors, citations, keywords)
and processed using VOSviewer (van Eck & Waltman, 2010, 2014) to
extract and visualise relevant keywords from the dataset by using its
text mining capabilities. The extracted set of keywords were filtered to
avoid repetition of terms (i.e. plurals, hyphenated terms, and ab-
breviations), and the 100 most relevant terms were used to generate a
keyword co-occurrence map, as shown in Fig. 2. The larger the size of a
keyword on the map, the more frequently it occurs in the assessed
publications, and the thicker the link between two terms, the more
frequently they co-occur in publications. Additionally, the proximity,
clustering, and colouring of each term on the map is determined based
on their co-occurrence.

While the coloured clusters identify four different groups, these
groupings should be interpreted carefully as each term cannot be shared
between clusters, and the entire set of terms are highly interrelated.
However, what can be seen is that the two largest clusters involve, in
general, materials-related terms (red), and tissue-related terms (green),
with the two smaller clusters involving a combination of terms falling
in-between. Of greater utility, the state of the field and the focus of
polysaccharide applications in tissue engineering can be seen at a
glance on this co-occurrence map. Terms involving hydrogels, in vitro
studies, bone tissue engineering, and cartilage tissue engineering are
clearly prevalent and abundant, while terms involving physical or
chemical modifications are lacking. Additionally, all the previously
identified polysaccharides in Fig. 1, apart from dextran, appear in this

network. Furthermore, and reinforcing the previous observations, the
four most frequently occurring polysaccharides are chitosan, alginate,
hyaluronic acid, and cellulose. In Fig. 2A–D, the co-occurrence net-
works of these prominently used polysaccharides can be seen, under-
lining their use in various manufactured forms, in combination with
other components, and for different applications.

The dataset was also analysed using the R-package bibliometrix
(Aria & Cuccurullo, 2017) to examine keyword growth of prominent
terms over the study period. These terms were split into categories in-
cluding the polysaccharides applied, the manufactured form of the
scaffold, the intended application, non-carbohydrate components, and
cell behaviour (Fig. S1A–E).

Below, these prominently used polysaccharides, as well as some of
those less frequently applied, will be independently examined in their
methods of preparation, analysis, and application in the field in recent
years. They will then be assessed on the basis of a number of common
practices that have developed in this area of research, as highlighted in
Fig. 2, followed by suggested approaches to address areas needing
improvement.

2.1. Chitosan

Obtained through the deacetylation of chitin (poly (β-(1→4)-N-
acetyl-D-glucosamine)), the second most abundant natural polymer
after cellulose (Rinaudo, 2006; Younes & Rinaudo, 2015), chitosan is a
linear polysaccharide consisting of randomly distributed D-glucosamine
and N-acetyl-D-glucosamine residues (Fig. 3). While the main sources of
chitin are the exoskeletons of arthropods or crustaceans such as crabs
and shrimps, it can also be produced in the cell walls of some fungi and
yeast (Cardoso, Costa, & Mano, 2016; Lodhi et al., 2014; Younes &
Rinaudo, 2015). In the case of crustaceans, chitin is extracted following
the deproteinisation, demineralisation, and occasionally depigmenta-
tion of their shells. While this form of the polymer has found its uses in
many applications, including as a biomaterial in tissue engineering
(Wan & Tai, 2013; Younes & Rinaudo, 2015), it is most frequently
deacetylated to produce chitosan, which is soluble in mild acidic aqu-
eous solutions, and is considered as such once the degree of deacety-
lation, i.e. the fraction of D-glucosamine units, is greater than 50%.

The introduction of amino functional groups through this deacety-
lation, in combination with the available hydroxyl groups, and their
distribution along the backbone, provides chitosan with many of its
beneficial physico-chemical, and thus biological properties (Nilsen-
Nygaard, Strand, Vårum, Draget, & Nordgård, 2015). Furthermore,

Fig. 1. Trends of polysaccharide use in tissue engineering and regenerative medicine research in the last two decades. Each coloured curve represents the total
publication count per year for the associated polysaccharide. Data retrieved from Web of Science database in July 2018.
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being one of the few natural polycationic polysaccharides permits
chitosan to have many electrostatic interactions that can be leveraged
for both the production of biomaterials (such as in layer-by-layer
polyelectrolyte assemblies), as well as for interesting opportunities for
the material in a physiological environment, where most biomolecules

are anionic. This, in combination with properties such as its bio-
compatibility, biodegradability, cell adhesiveness and antimicrobial
activity (Cardoso et al., 2016; Rodríguez-Vázquez, Vega-Ruiz, Ramos-
Zúñiga, Saldaña-Koppel, & Quiñones-Olvera, 2015; Younes & Rinaudo,
2015), makes chitosan a suitable candidate for tissue engineering

Fig. 2. Keyword co-occurrence map of polysaccharide use in tissue engineering and regenerative medicine (top). Keyword co-occurrence network for the four most
frequently applied polysaccharides (bottom): chitosan (A), alginate (B), hyaluronan (C), and cellulose (D).
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applications. With its widespread use in the field, some examples of the
applications of this versatile polysaccharide in recent studies will be
presented and discussed. Being a naturally derived compound, though
not unique to chitosan, its sourcing and processing is of considerable
importance to its uniformity, efficacy, as well as safety as a biomaterial.

2.1.1. Material sourcing, processing, and derivatisation/modification
Though typically sourced from crustacean shells, imparting a degree

of variability and introducing the potential for impurities in the pro-
duct, many studies in the field of tissue engineering simply apply the
use of chitosan off-the-shelf (OTS), and without further purification,
fractionation, or modification. Of course, while this is not true for all
studies, it is the most prevalent approach to chitosan use within the
field. Where this is not the case, purification of the chitosan product is
either carried out via re-precipitation (Oliveira et al., 2016; Silva,
Custódio, Reis, & Mano, 2016; Wang et al., 2016), filtration (Bierhalz &
Moraes, 2016; Huang et al., 2016; Kim, Kawai, Wang, & Yang, 2016;
Zeng et al., 2016), or dialysis (Bernstein-Levi, Ochbaum, & Bitton,
2016; Hayami, Waldman, & Amsden, 2016). An additional step that can
be carried out to further control the uniformity of the chitosan prior to
further modification is the complete deacetylation of the product (Zeng
et al., 2016). Derivatives are typically prepared to aid in either the
solubility of chitosan in water, for example with carboxymethyl-chit-
osan (Fan et al., 2017; Gu et al., 2016; Huang et al., 2016; Zeng et al.,
2016) and glycol-chitosan (Hayami et al., 2016), or to aid in the
manufacture of the scaffolding, such as with methacrylated chitosan for
UV crosslinking (Hayami et al., 2016), lactide for chemical crosslinking,
or a combination of systems (Kim, Kawai et al., 2016). While normally
applied in that manner, these derivatives have been shown to have
other impacts as well. For example, where an increasing carbox-
ymethyl-chitosan content improved hemocompatibility (Zeng et al.,
2016), or the intermediate oligosaccharides arising from the degrada-
tion of chitosan could stimulate the proliferation of glial cells (Wang
et al., 2016). Other components can also be attached to or combined
with the polysaccharide when designing the scaffolds, to further tailor

the physico-chemical properties and the bioactivity of the materials.

2.1.2. Scaffold composition, preparation and intended applications
Chitosan can be prepared into scaffolds either with or without ad-

ditional components to enhance or alter the physical or chemical
properties of the scaffolding (Table 1). These can include other poly-
saccharides such as alginate (Bierhalz & Moraes, 2016), cellulose
(Belluzo, Medina, Cortizo, & Cortizo, 2016), and chondroitin sulfate
(Hayami et al., 2016); synthetic polymers such as polyacrylamide
(Yang, Wang, Yang, Shen, & Wu, 2016) or polyvinyl acetate (Zeng
et al., 2016); proteins such as gelatin (Ng, Yeong, & Naing, 2016) and
collagen (Sánchez-Sánchez et al., 2016); inorganic materials like hy-
droxyapatite for bone applications (Fan et al., 2016; Przekora, Benko,
Blazewicz, & Ginalska, 2016); and other forms of chitosan itself, such as
the use of chitosan microspheres to improve the compressive modulus
of the material (Fan et al., 2017). These materials are then formed into
scaffolding, most frequently by crosslinking alone or in combination
with another method of preparation, for instance before (Fan et al.,
2016; Wang et al., 2016) or after (Reed et al., 2016) freeze drying, and
following extrusion printing (Gu et al., 2016; Huang et al., 2016) or
electrospinning (Zeng et al., 2016). This crosslinking is typically carried
out either through UV exposure, using methacrylated derivatives
(Hayami et al., 2016; Kim, Kawai et al., 2016), the addition of a pho-
toinitiator (Yang et al., 2016), or through the addition of crosslinkers
such as genipin (Silva, Custódio et al., 2016), gluteraldehyde (Kil’deeva
et al., 2016), or EDC/NHS (Fan et al., 2016). Chitosan can also be
embedded inside another matrix, such as alginate that has been cross-
linked through the addition of CaCl2 (Bierhalz & Moraes, 2016; Gu
et al., 2016; Huang et al., 2016), and, as a polycation, can be used in the
formation of polyelectrolyte complexes via layer-by-layer deposition
(Oliveira et al., 2016; Silva, Custódio et al., 2016).

These scaffolds can then be improved in their bioactivity, namely
their cell adhesiveness and influence on cell behaviour. Through the
addition of molecules such as fibrinogen (Kim, Kawai et al., 2016), fi-
bronectin (Silva, Custódio et al., 2016), or the RGD (Arg-Gly-Asp)

Fig. 3. Examples of polysaccharide-based scaffold formulations (right) and applications in tissue engineering (left). The chemical structures of chitosan, alginate,
hyaluronan, and cellulose are included in the centre.
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peptide sequence (Bernstein-Levi et al., 2016), a sequence in fibronectin
involved in integrin binding, cell attachment to these materials can be
improved. Cell behaviour and the binding of growth factors can also be
mediated by coupling other biological components, for example, the
inclusion of platelet lysates to stimulate the formation of neovascu-
lature (Oliveira et al., 2016). Once formed, these chitosan-based bio-
materials find their application as scaffolding primarily for skin and
wound healing (Bierhalz & Moraes, 2016; Mahdavi, Mahmoudi, Rezaie
Anaran, & Simchi, 2016; Ng et al., 2016; Sánchez-Sánchez et al., 2016),
cartilage (Belluzo et al., 2016; Fan et al., 2017; Hayami et al., 2016;
Reed et al., 2016; Yang et al., 2016), bone (Fan et al., 2016; Huang
et al., 2016; Przekora et al., 2016) and vasculature (Kim, Kawai et al.,
2016; Oliveira et al., 2016; Silva, Custódio et al., 2016), as well as for
other tissues including the peripheral (Wang et al., 2016) and central
(Gu et al., 2016) nervous systems. Examples of these and various other
chitosan-based scaffolds, their method of preparation, and their in-
tended applications can be found in Table 1.

2.2. Alginate

A natural polysaccharide component of seaweeds, typically ex-
tracted from brown algae, and an exopolysaccharide of some bacteria,
alginate is an anionic polymer containing blocks of either alternating or
consecutive (1→4)-linked β-D-mannuronic acid and α-L-guluronic acid
residues, known as the M and G blocks, respectively (Cardoso et al.,
2016; Lee & Mooney, 2011; Sun & Tan, 2013). Commercially available
alginate is extracted from algae by alkaline extraction, followed by
filtration and precipitation with calcium or sodium chloride, and is then
typically further processed to a water-soluble sodium alginate powder
(Cardoso et al., 2016; Lee & Mooney, 2011). With the possibility of
extraction from many species of algae, for example Laminaria hy-
perborean, Laminaria digitata, and Laminaria japonica, alginates can
differ in the length of their M, G, and alternating blocks as well as their
residue content (Cardoso et al., 2016; Lee & Mooney, 2011; Pawar &
Edgar, 2012). Unsurprisingly, this variability in composition, block
length, and sequence will affect the physical and chemical properties of
alginate and the materials produced from it. The second most-widely
used polysaccharide in the field after chitosan, and touting many ben-
eficial properties such as biocompatibility, tunable hydrophilicity and
pH dependent anionic nature, coupled with its mild gelation conditions
and ease of processing (Cardoso et al., 2016; Sun & Tan, 2013), alginate
finds many opportunities within the field. However, also being a
naturally derived compound, its sourcing and processing remain critical
aspects of its use as a biomaterial for tissue engineering scaffolds.

2.2.1. Material sourcing, processing, and derivatisation/modification
In addition to the degree of variability and potential for impurities

already present in natural products, alginate, with its inherent irregu-
larity of residue and block content, receives a similar treatment in re-
cent tissue engineering studies as was the case with chitosan, being
applied off-the-shelf. Although, as shown in Table 2, with alginate there
is even less purification performed and modifications being applied.
Similarly, while some studies filter (Ning, Xu, Chen, & Schreyer, 2016)
or clean (Akkineni et al., 2016) the material prior to use, it is not the
norm, and none of the examined cases fractionated the purchased al-
ginate. Moreover, only three of the alginate-based studies mention G or
M block content, and out of those only one study assessed and discussed
this content and its impact on the degree of substitution of their ma-
terial (Scognamiglio et al., 2016).

Concerning the derivatives prepared, sulphated alginate was pro-
duced in order to mimic the binding affinity of heparan sulfate for
growth factors (Ruvinov, Freeman, Fredo, & Cohen, 2016). Alginate
was also coupled to dopamine via carbodiimide chemistry in order to
improve cell adhesion (Scognamiglio et al., 2016). A third study, by
applying EDC/NHS coupling, attached bone formation peptide-1
(BFP1) to alginate, to improve the regeneration of bone (Heo et al.,

2017). Following the desired preparation of alginate, it can be formed
into scaffolds, modifying the composition as necessary to tailor its
properties.

2.2.2. Scaffold composition, preparation and intended applications
Though easily and frequently formed into a hydrogel on its own

through ionic crosslinking with calcium ions, the blending of alginate-
based scaffolding with other components can be used to improve its
mechanical or biological properties (Table 2). As seen in the previous
section, alginate is frequently combined with chitosan (Bierhalz &
Moraes, 2016; Gu et al., 2016; Huang et al., 2016; Reed et al., 2016),
and can take advantage of the cationic nature of chitosan to form, for
example, polyelectrolytic materials through layer-by-layer deposition
(Silva, Custódio et al., 2016). Alginate has also been combined with
other polysaccharides such as gellan gum to improve its properties for
extrusion printing (Akkineni et al., 2016) as well as hyaluronan, which,
rather than being used as a structural component in the scaffold, was
released from the prepared alginate structure to promote wound
healing (Scognamiglio et al., 2016). Other materials combined with
alginate to produce scaffolds include self-assembling peptides (Çelik,
Bayram, Akçapınar, Türk, & Denkbaş, 2016), gelatin (Pan, Song, Cao, &
Wang, 2016), acrylamide (Giammanco, Carrion, Coleman, & Ostrowski,
2016), as well as both silver (Correia et al., 2016) and gold (Ruvinov
et al., 2016) nanoparticles. Additionally, since alginate on its own
poorly promotes cell attachment (Cardoso et al., 2016; Pawar & Edgar,
2012; Sun & Tan, 2013), it is frequently coated or mixed with com-
pounds to improve this property, employing the RGD peptide
(Bernstein-Levi et al., 2016; Giammanco et al., 2016; Ning et al., 2016),
and occasionally fibronectin or poly-L-lysine (Ning et al., 2016).

With all the necessary components now included to provide the
required functionality, alginate is, as previously mentioned, commonly
formed into a scaffold simply through ionotropic gelation by the ad-
dition of CaCl2 (Çelik et al., 2016; Ning et al., 2016; Pan et al., 2016;
Ruvinov et al., 2016; Zhou, Liu, Yang, & Ye, 2016), or via the same
crosslinking mechanism in combination with other processing techni-
ques. Among these are methods such as extrusion printing (Akkineni
et al., 2016; Correia et al., 2016; Heo et al., 2017; Pan et al., 2016),
freeze drying (Scognamiglio et al., 2016), and air drying (Giammanco
et al., 2016). These alginate biomaterials find their use largely in car-
tilage (Çelik et al., 2016; Daly, Critchley, Rencsok, & Kelly, 2016;
Giammanco et al., 2016; Pan et al., 2016; Zhou et al., 2016) and bone
(Akkineni et al., 2016; Correia et al., 2016; Heo et al., 2017) applica-
tions, and to a lesser degree as scaffolding in peripheral nervous system
(Ning et al., 2016), vascular (Oliveira et al., 2016), and wound healing
(Scognamiglio et al., 2016) applications.

2.3. Hyaluronan

A non-sulfated glycosaminoglycan and major component of the
extracellular matrix, hyaluronan (or hyaluronic acid) is a linear poly-
saccharide made up of alternating β-(1→4)-D-glucuronic acid and β-
(1→3)-N-acetyl-D-glucosamine residues (Fig. 3) that is found in carti-
lage, synovial fluid, and skin (Cardoso et al., 2016; Muzzarelli, Greco,
Busilacchi, Sollazzo, & Gigante, 2012). Though hyaluronan can be ex-
tracted from animal sources such as rooster combs, bovine or fish vi-
treus humour or umbilical cords, it is produced on a large scale with
bacterial sources such as Streptococcus equi and Streptococcus zooepide-
micus (Cardoso et al., 2016; Muzzarelli et al., 2012; Rinaudo, 2008).
Being part of the ECM, this polysaccharide is both naturally bio-
compatible and biodegradable in the human body, while also pre-
senting bioactive domains or motifs involved in the various processes in
the body such as tissue repair, proteoglycan organisation in the ECM, as
well as various cell-mediating effects (Cardoso et al., 2016; Mero &
Campisi, 2014; Muzzarelli et al., 2012; Rinaudo, 2008). With its high
viscoelasticity, high hydrophilicity, moisture retention, polyanionic
nature, and as a natural component of the extracellular matrix,
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hyaluronan presents itself as an excellent biomaterial for tissue en-
gineering. It follows that the sourcing, processing, and modification of
hyaluronan are key to its efficacy as a scaffold.

2.3.1. Material sourcing, processing, and derivatisation/modification
The sources of hyaluronan in the examined studies (Table 3) are all

off-the-shelf products, and, where identified, of bacterial origin. These
products were frequently either dialysed (Bian et al., 2016; Broguiere,
Cavalli, Salzmann, Applegate, & Zenobi-Wong, 2016; Ranga, Lutolf,
Hilborn, & Ossipov, 2016) or both dialysed and filtered (Broguiere,
Isenmann, & Zenobi-Wong, 2016; Puperi et al., 2016; Rodell et al.,
2016) to ensure purity of the samples in between all processing steps
and modifications. The hyaluronan in the studies was also often further
modified, with many different approaches being applied. The poly-
saccharide was acrylated for UV crosslinking (Puperi et al., 2016) or for
Michael addition crosslinking (Jha et al., 2016; Rodell et al., 2016),
methacrylated for UV crosslinking (Hayami et al., 2016; Puperi et al.,
2016), and thiolated for oxidation-mediated (Bian et al., 2016) or Mi-
chael addition crosslinking (Rodell et al., 2016). It has also been cou-
pled with adamantane and β-cyclodextrin for guest-host interactions to
produce an initially soft and injectable hydrogel (Rodell et al., 2016).
The functionalization of hyaluronan with transglutaminase substrate
peptides containing either a reactive glutamine or lysine residue
(Broguiere, Cavalli, et al., 2016; Broguiere, Cavalli, et al., 2016; Ranga
et al., 2016), was even exploited to allow FXIIIa (blood coagulation
factor XIII) mediated crosslinking, providing the resultant hydrogels
with improved biocompatibility, gelling kinetics, and adhesion. The
impacts of the chosen modifications of interest will be discussed in
context of the properties of the designed scaffolds below.

2.3.2. Scaffold composition, preparation and intended applications
Though effective on its own, and used as such following crosslinking

(Oelschlaeger, Bossler, & Willenbacher, 2016; Raoufi et al., 2016),
hyaluronan can be prepared into scaffolding with the addition of other
materials to improve its properties and capabilities (Table 3). For in-
stance, collagen can be introduced into the system to help produce a
scaffold with a composition similar to the native extracellular matrix
and help reduce the inflammatory response (Hortensius, Ebens, &
Harley, 2016). Other natural polysaccharides, such as the glycosami-
noglycans chondroitin sulfate or heparin, can also be added to enhance
cell behaviour (Hayami et al., 2016), or to sequester exogenous and
endogenous growth factors (Jha et al., 2016), respectively. As with
other materials, the RGD peptide sequence can be added to hyaluronan
scaffolds to further improve cell attachment (Bernstein-Levi et al.,
2016; Jha et al., 2016; Puperi et al., 2016; Ranga et al., 2016). The
hyaluronan-based scaffolds were produced almost entirely through
various crosslinking methods, with the exception of two studies where
the materials were either first extruded through a membrane (Raoufi
et al., 2016), or freeze dried (Hortensius et al., 2016). Notably, the use
of a dual crosslinking approach employed both a shear-thinning guest-
host interaction to allow injection of the hydrogel scaffold, and a sec-
ondary covalent crosslinking to stiffen in-situ (Rodell et al., 2016).

Of further interest, matrix metalloproteinase (MMP)-cleavable
peptide crosslinks were used to confer a more cell-mediated degrada-
tion of the scaffold (Broguiere, Cavalli, et al., 2016; Broguiere, Cavalli,
et al., 2016; Jha et al., 2016; Ranga et al., 2016), with one such study
observing that slower degrading sequences promote the highest cell
proliferation, survival and rapid blood vessel formation (Jha et al.,
2016). Another study found, however, that there was no significant
difference in cell behaviour between hydrogel scaffolds with and
without these cleavable links, suggesting that this would incur an in-
creased risk of the scaffold degrading prematurely (Broguiere, Cavalli,
et al., 2016), while demonstrating a need for further assessment of the
impact of enzyme-labile crosslinkers. Despite the prominence of cross-
linking hyaluronan, and while allowing for a tunable scaffold that
promotes good cell compatibility, it may also render its natural

receptors and signalling motifs less available (Puperi et al., 2016),
highlighting an additional consideration for the design of tissue en-
gineering materials. Being a component of the natural cartilage, these
scaffolds are applied predominantly for cartilage (Bian et al., 2016;
Broguiere, Cavalli, et al., 2016; Hayami et al., 2016), while also finding
use as materials for tendon (Hortensius et al., 2016), heart valve (Puperi
et al., 2016), nervous system (Broguiere, Cavalli, et al., 2016), and
vasculature (Jha et al., 2016) applications.

2.4. Cellulose

Commonly lauded as the most abundant renewable polymer in the
world, cellulose is a linear polysaccharide consisting of β-(1→4)-linked-
D-glucose units (Fig. 3), and is produced by many plants as well as some
bacteria, fungi, and even some sea animals (e.g. tunicates) (Siqueira,
Bras, & Dufresne, 2010; Zhu et al., 2016). The content of the plant-
derived cellulose varies with the type of plant, and is typically found
with a mixture of other compounds such as hemicelluloses, lignin,
pectin, ash, and extractives, while the bacteria-derived variety, known
as bacterial cellulose, is almost pure (Siqueira et al., 2010; Zhu et al.,
2016). With the presence of its many hydroxyl groups, in combination
with the linearity of the polymer backbone, cellulose chains form many
inter- and intra-molecular hydrogen bonds. These contribute both to its
ordered and crystalline structures, of which there are several different
arrangements, as well as its insolubility in water and other common
solvents (Siqueira et al., 2010; Zhu et al., 2016). Though its processa-
bility may be challenging, cellulose and its derivatives have found ap-
plications within the field of tissue engineering, being further supported
by the existing and extensive history of both the chemical and physical
processing and modification of cellulose.

2.4.1. Material sourcing, processing, and derivatisation/modification
In stark contrast to the previously covered materials, the majority of

studies employing cellulose as a main scaffolding material in tissue
engineering do not use off-the-shelf products. The polysaccharide is
either produced using acetic acid bacteria such as Gluconacetobacter
hansenii PJK (Khan et al., 2016) and (Glucon)acetobacter xylinum
(Bonilla, Lopez-Sanchez, Gidley, & Stokes, 2016; Lamboni, Li, Liu, &
Yang, 2016), followed by cleaning in an alkali solution, or from cotton
linter pulp (Yang & Han, 2016; You et al., 2016), following the ex-
traction and purification procedures listed in Table 4. As discussed
above with the previous three polysaccharides, however, the nature of
the modifications applied to cellulosic materials in tissue engineering
comes from a predominantly materials point-of-view as opposed to
being driven by an intended biological functionality. Derivatives and
forms of cellulose applied include cellulose nanocrystals (CNCs) to be
used as a structural material to reinforce a softer phase (Yang & Han,
2016; You et al., 2016), hydroxethyl cellulose for its water solubility,
biodegradability, and structural similarity to GAGs (Khorshidi et al.,
2016), quaternised cellulose for its thermogelling behaviour (You et al.,
2016), and cellulose acetate for its amenability to the electrospinning
process (Atila, Keskin, & Tezcaner, 2016; Ye, Li, Chen, Zhan, & Li,
2017).

Another cellulosic nanomaterial, cellulose nanofibrils (CNFs), also
find a variety of promising applications in tissue engineering owing to
their structural similarity to the native ECM and ability to form robust
hydrogels (Kuzmenko, Karabulut, Pernevik, Enoksson, & Gatenholm,
2018; Xu, Wang, Sandler, Willför, & Xu, 2018). Similarly to CNFs,
bacterial cellulose also benefits from many of the same properties by
virtue of its naturally formed three dimensional nanofibrous network,
and is further aided by its ease of production (Picheth et al., 2017;
Torgbo & Sukyai, 2018).

2.4.2. Scaffold composition, preparation and intended applications
Following purification and desired derivation of cellulose, it is then

mixed with other materials, or with other forms of cellulose, in order to
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produce the necessary scaffold. To improve biocompatibility or cell
viability and adhesion, cellulose was combined with gelatin (Khan
et al., 2016), silk sericin (Lamboni et al., 2016), and silk fibroin (Ye
et al., 2017). For improved mechanical properties, it could be coupled
with xyloglucan to increase its extensional resistance and compressive
modulus (Bonilla et al., 2016), with polyacrylamide to increase the
scaffold elasticity (Yang & Han, 2016), or with poly(vinyl acetate) for
both improved durability and to allow electrospinning of the material
(Khorshidi et al., 2016). The cellulose scaffolds were formed primarily
by electrospinning (Atila et al., 2016; Khorshidi et al., 2016; Ye et al.,
2017), as well as with a range of other techniques, including air drying
with porogens (Khan et al., 2016), freeze drying (Lamboni et al., 2016;
Yang & Han, 2016), crosslinking (Atila et al., 2016; Khorshidi et al.,
2016; You et al., 2016), 3D printing (Kuzmenko et al., 2018), or simply
by harvesting a bacterial cellulose sample (Bonilla et al., 2016). It is
also interesting to note that none of the examined studies of cellulose-
based scaffolding included a cell-adhesion promoting biomolecule such
as the RGD peptide or fibronectin. Similar to many of the previously
discussed polysaccharides, cellulose is also able to confer cell-adhesive
behaviour and other biological functionality without applying the
naturally available ligands, indicating that their use may not be strictly
necessary, and that an improved understanding of the chemistry and
physics at play will be of critical importance to the design of improved
tissue engineering scaffolds. While applied mainly for skin or wound
healing (Khorshidi et al., 2016; Lamboni et al., 2016; Ye et al., 2017),
these cellulosic scaffolds are also applied for bone tissue engineering
(Atila et al., 2016; Yang & Han, 2016), as injectable scaffolds allowing
for drug delivery (You et al., 2016), and even as guidelines in the for-
mation of neural networks when applied in their nanofibrillar form
(Kuzmenko et al., 2018).

2.5. Other polysaccharides

The same analysis has been performed for other polysaccharides,
and their sourcing and preparation as scaffolds can be found in Table
S1. These polysaccharides include, among others: agarose, heparin,
chondroitin sulfate, dextran, starch, gellan gum, pectin, carrageenan,
pullulan, xanthan gum, fucoidan, and laminarin. While each of these
polysaccharides and their properties will not be covered in detail in this
review, their processing and preparation into scaffolds will be briefly
discussed, highlighting selected studies of interest. Although we again
find here the predominant use of un-modified off-the-shelf products and
the use of derivatives to aid in processing and manufacturing scaffolds,
some attractive properties were obtained through the use of a few
modifications with potential for applications in the field.

In a study by Wu et al. (2016), dextran was modified with zwit-
terionic carboxybetaine moieties to achieve anti-fouling properties,
preventing non-specific protein and cell adhesion, while simultaneously
including both the RGD peptide motif to re-introduce cell adhesion, and
collagenase-cleavable crosslinks to control the degradation of the hy-
drogel matrix. Combinations of biomimetic functionalities such as these
could be potentially applied to design and control precise adhesive
domains and degradation paths within a scaffold. Catecholamines have
also been used to modify polysaccharides, as was done by Lee et al.
(2016), where dopamine was conjugated onto a heparin backbone via
EDC coupling, finding that the catechol moieties conferred protein
adsorption, specifically of vitronectin, as well as cell adhesion, while
also allowing the maintenance of embryonic stem cell cultures. They
also assessed a combination system with the modified heparin and co-
immobilised collagen I, finding a synergistic effect of pluripotent
maintenance and stem cell adhesion. The analysis of various combi-
nations of polysaccharide-protein and other glycoconjugate systems
such as this will be pivotal in understanding the role of the many ECM
constituents, the impact of the diverse array of glycan moieties that
decorate them, and the considerable importance of glycobiology. An-
other system utilised a vinylsulfone-modified variant of dextran to

allow the coupling of multiple biomolecules such as adhesive peptides
and growth factors to assess the efficacy of these multifunctional sur-
faces (Noel et al., 2016). They observed that a combination of the ad-
hesive RGD peptide and the vascular endothelial growth factor (VEGF)
could promote the adhesion and selective proliferation of endothelial
cells.

Chitin, though receiving less attention due to its poor solubility in
aqueous solutions in its natural form, and most frequently being dea-
cetylated into its more soluble form, chitosan, has also been applied in
the field through its modification into more soluble derivatives. Aside
from the addition of hydrophilic groups such as carboxymethyl-chitin
and glycol-chitin in order to improve its solubility in water (Wan & Tai,
2013), another approach involves the use of chitin-esters (Skołucka-
Szary et al., 2016). One such example is the use of the diesters chitin-
dihexanoate and chitin-dibutyrate, allowing solubility of the poly-
saccharide in common organic solvents and being easily processed into
biocompatible porous structures for wound healing applications. The
sulfation of polysaccharides can also be an interesting avenue, produ-
cing analogues of the naturally sulfated members of the ECM. For ex-
ample, the application of sulfated levan exhibiting heparin-mimetic
anticoagulant activity via thrombin inhibition (Erginer et al., 2016),
and a carboxymethylglucose sulfate wound dressing which mimics the
role heparan sulfate in inflammation and tissue repair (Papanas,
Demetzos, Pippa, Maltezos, & Tentolouris, 2016).

Some less frequently used polysaccharides, such as starch, are not
typically used on their own as scaffolding owing to their unsuitable
mechanical properties and difficulty in processing (Wu, Samanta,
Srivastava, & Hakkarainen, 2017). Starch is instead applied by being
grafted with other polymers (Meimoun et al., 2017), reinforced as
composites (Miculescu et al., 2017), or blended with other materials
(Dong et al., 2018; Van Nieuwenhove et al., 2016). The components of
starch have also been applied, for example, where amylopectin was
used in a freeze dried ternary system, conferring greater porosity and
larger pore sizes (Rajesh et al., 2016). Nanoformulations of starch are
also gaining increased attention in the field, particularly when applied
as nanofibers (Hemamalini & Giri Dev, 2018; Liu, Gu, Hong, Cheng, &
Li, 2017). With their high specific surface area, porosity, and the si-
milarity of their fibrous structure to ECM components, starch nanofi-
bers have found applications from wound healing (Waghmare et al.,
2018) to bone tissue engineering (Wu et al., 2017).

Though there are clearly studies involving polysaccharides modified
for enhanced biomimetic activity as discussed in this section, the
common practice of using un-modified off-the-shelf polysaccharides for
the production of tissue engineering scaffolds remains a critical lim-
itation in the progress of the field. To this end, the analysis of the
physico-chemical properties of these polysaccharide-based scaffolds
and its influence on their suitability in the intended biological setting
will aid in determining the appropriate design needed to achieve the
necessary bioactivity for a specific application.

2.6. Material characterisation performed

Aside from the modification and processing of polysaccharide-based
tissue engineering scaffolds, the characterisation of its physico-che-
mical and biological properties are necessary for elucidating the impact
of the design. From this sample set of studies, there exist some con-
sistencies among the characterisations that are being performed. In
terms of physical assessment, while the majority carry out morpholo-
gical analysis, generally through SEM imaging, only half of the studies
carry out either compressive or tensile mechanical testing on their
scaffolds. For chemical analysis a similar situation is observed, with
roughly half performing bulk or surface chemical characterisation
through either FTIR or NMR, and occasionally XPS and XRD.

When it comes to examining other key factors including, but not
limited to, the topography, rheology, degradability, contact angle and
surface charge, the situation is observably lacking, with very few of the
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studies assessing these characteristics, and in some cases not at all.
Concerning the biocompatibility and biological suitability, though
many studies evaluate the initial attachment/viability or the pro-
liferation of the cell line being tested, some essential aspects of scaffold
performance are overlooked. Regarding cell behaviour, the effects of
the scaffold on cell migration or invasion, and on cell differentiation or
how the material modulates cell genetic/transcriptional expression (or
other –omic studies), are not frequently studied. Furthermore, the he-
mocompatibility and immunocompatiblity of the scaffolding, its impact
on protein adsorption, and its ability to induce the production or ex-
pression of extracellular matrix components are also essential factors
that receive limited focus.

Naturally, this is not representative of every study as some of these
properties may not be pertinent given the intent of the research, and as
such it is necessary to take into account the aim and context of the
study. For instance, many of these characterisations may not be re-
levant when the degradation products of chitosan are being assessed for
their effects on stimulating nerve regeneration (Wang et al., 2016),
where the behaviour of polysaccharide-peptide conjugates in solution
are being assessed (Bernstein-Levi et al., 2016), when macrophages are
being employed to assess the inflammatory response of the system
(Belluzo et al., 2016), or when platelets are being used to examine the
hemocompatiblity of a sample (Zeng et al., 2016). Nevertheless, even
when excluding such cases, the physico-chemical characterisation and
biological response of many of these polysaccharide-based tissue en-
gineering scaffolds are often overlooked. The characterisation of these
material properties and the elucidation of the impact they have via cell-
material interactions in a physiological setting are essential to im-
proving the design of these tissue engineering scaffolds and will be
crucial in advancing the ability of these scaffolds to achieve the in-
tended biological response and activity. This, in combination with the
use of more rationally designed polysaccharides in scaffolds, will be
vital to the development of more effective biomaterials. For this reason,
only those studies that examined both material composition and its
influence on cell fate will be covered in detail, with emphasis given to
studies examining the in vivo capabilities of the designed scaffold.

2.6.1. Cell-material interactions
Studies that examined both the in vitro behaviour as well as the two

most frequently assessed material characteristics, mechanical stiffness
(or strength) and porosity, are reported here in order to provide a large
enough sample size to give some perspective on the scope of these
characteristics in current polysaccharide scaffold designs and their in-
fluence on cell-material interactions. In Table 5, the reported material
characteristics and the observed effects of the manufacturing process on
them can be seen, while the associated tissue of application, cell line
studied, and biological effects of the mechanical properties and mate-
rial design can be found in Table 6. Beginning with the mechanical
properties of these materials, it can be seen that even with the purely
polysaccharide based scaffolds their elastic moduli can range from a
single kPa up to several hundred MPa, providing them with one of the
crucial factors to be applicable as a suitable matrix for both soft tissue,
such as the brain, up to cartilage and even cancellous bone (Amini,
Laurencin, & Nukavarapu, 2012; Butcher, Alliston, & Weaver, 2009).
Similarly, when it comes to the porosity and pore size, these scaffolds
are able to cover the range necessary for the majority of cellular ac-
tivities (Loh & Choong, 2013), with values from 30% to 95% and 0.01
to 600 μm, respectively. Additionally, there exist in most cases a simple
and reliable means of tailoring these properties.

When looking at the factors that influence these features, an in-
crease in scaffold stiffness is typically acquired at the expense of pore
size and porosity, and vice versa, with an increase in scaffold density
and the strength of internal interactions providing the former, and the
opposite in the latter. For instance, in most scaffold designs, increasing
the concentration or fraction of one or more materials (Custódio, Reis,
& Mano, 2016; Kil’deeva et al., 2016; Rajesh et al., 2016; Silva, Pirraco

et al., 2016), as well as through decreasing their molecular weight
(Hayami et al., 2016; Kil’deeva et al., 2016; Skołucka-Szary et al., 2016)
improves mechanical properties and decreases pore size and/or por-
osity. This outcome is also observed when increasing the crosslinking
density of a scaffold, through the use of either more crosslinker
(Kil’deeva et al., 2016; Pan et al., 2016), a longer crosslinking time
(Giammanco et al., 2016; Huang et al., 2016), a stronger crosslinking
method (e.g. glutaraldehyde vs. genipin) (Kil’deeva et al., 2016; Pan
et al., 2016), or an increase in the degree of functionalisation of a group
necessary for crosslinking (e.g. methacrylate) (Custódio et al., 2016;
Hayami et al., 2016). Modifications in the manufacturing procedure
itself can also be used to effectively alter these characteristics: the use of
directional freeze drying increases compressive strength and aligns
pores in the direction of freezing (Y. Zhang et al., 2016); when 3D
printing, changing the orientation of successive layers confers an in-
creased stiffness without influencing porosity (Pan et al., 2016); and, in
an iron-coordinated alginate gel, the photochemical reduction of Fe(III)
ions inside lowers stiffness and increases pore size by degrading the
surrounding alginate matrix (Giammanco et al., 2016). Beyond having
the capability to tailor the scaffolds to meet the requirements of the
intended area of application, the influence of these changes on cell fate
should also be evaluated, as it will aid in developing a mechanistic
understanding on cell-material interactions which can be applied to
further improve implant designs.

Many of the material properties and design choices in Table 5 were
tested for their influence on cell behaviour (Table 6); however, of note
is that neither the pore size, porosity, nor pore distribution were in-
vestigated in this manner. While essential for the diffusion of nutrients,
waste, and oxygen, an adequate porous network also permits the cell
migration and proliferation needed for the proper vascularisation and
tissue ingrowth of a scaffold. Furthermore, it can direct cell behaviour
and differentiation through mechanotransductive means; the pre-
sentation of receptors, sequestered growth factors and other soluble
factors; as well as through gradients of porosity and pore size (Loh &
Choong, 2013). With regards to the mechanical and structural proper-
ties discussed above, the different scaffolds have varying reported cell-
material interactions which, while a preliminary indication of the po-
tential of one scaffold composition and manufacturing method in a
chosen in vitro model, are difficult to compare directly. Drawing from
this limited transferability of each result, it would be interesting to see
the outcomes of comprehensive studies across multiple well-designed
polysaccharide scaffolds assayed against a single in vitro or in vivo
model.

What can be seen is that cell encapsulation is possible in hydrogel
scaffolds, such as those cast or printed and crosslinked, for a wide
variety of cell types (including primary cells) and materials. One study
in particular compared the 2D and 3D culturing of Schwann cells on
and in a Ca2+ crosslinked alginate hydrogel finding that, while viabi-
lity, proliferation, and fate were unaffected, cells tended to feel some-
what enhanced impacts of stiffness observed in the 2D environment
once fully encapsulated in the same material (Ning et al., 2016). Of
further note is that while many studies in the field have assessed the in
vitro compatibility of their scaffolds and their capacity to regulate the
cells in that context, which may provide an indication as to the suit-
ability of the scaffold design in vivo, appropriate models are necessary
to determine the actual applicability of these materials for tissue en-
gineering applications; i.e. their ability to enhance the regeneration of
tissue in the desired manner. To this end, in Table 6 it can be found that
though these studies use either cell lines or an appropriate primary cell
culture as models for testing their scaffolds, which are not necessarily
representative of the in vivo environment, fewer in vivo studies have
been performed.

Of interest among the studies, a dual-layer chitosan-lactide hydrogel
designed by Kim, Kawai et al. (2016) was tested for its capability to
improve vascular development and blood perfusion in a mouse model
of hind-limb ischemia. The scaffold consisted of a soft top layer for
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HUVEC (human umbilical vein endothelial cells) encapsulation and stiff
bottom layer to support developing microvasculature. Before im-
plantation, the HUVECs encapsulated in the scaffold were cultured for 5
days, allowing the formation of microvascular networks. Over 14 days
of implantation, the dual-layer scaffold with microvasculature dis-
played a significant increase in perfusion compared to both no treat-
ment and an implant of HUVECs encapsulated in a hydrogel, with no
significant difference between the latter two. Subjects also showed re-
duced levels of necrosis in the dual-layer implants. Another study also
examined the use of a hydrogel implant in a mouse ischemic hind-limb
model, instead using a hydrogel mixture of gellan gum and hyaluronan,
taking advantage of the ability for hyaluronic acid degradation pro-
ducts to enhance angiogenesis (Silva, Pirraco et al., 2016). When
compared to the no implant control, the hydrogel showed significantly
higher development of neovasculature, higher vessel density, and en-
hanced blood perfusion, but maturation of the developed vasculature
was not achieved. A final study of interest using a relevant model was
performed by Zhao et al. (2016), wherein pectin was employed to im-
prove the osteogenic activity and compressive strength of a calcium
phosphate scaffold, and was evaluated for its bone repairing ability in a
rabbit femur condyle cavity defect. The addition of pectin provided the
scaffold with improved mechanical properties similar to cancellous
bone, while also promoting both improved osteogenic differentiation
and formation of new bone when compared to the controls. Though
some others investigate the in vivo behaviour of their scaffolds, they
primarily assess the presence, if any, of an adverse reaction towards the
implant. And while in vivo studies are key for investigating the per-
formance of a scaffold, the model chosen must be appropriate for the
intended application. For further information the reader is directed to
the following paper and book chapter on the topic (Haier & Schmidt,
2009; Williams, 2017). Moreover, though many of these studies above
observe remarkable results and can conjecture links between certain
gross parameters (e.g. stiffness and cell behaviour), a mechanistic un-
derstanding of these events remains unclear.

3. Current limitations

While significant progress has been made in the production of
bioactive tissue engineering scaffolds from polysaccharides, there exist
limitations to the currently employed approaches and techniques. These
range from factors such as structural reproducibility, vascularisation,
and the complexity of the relevant biological environment, to the scope
of modifications being applied to polysaccharides and the relevance of
the cell studies being performed.

3.1. Reproducibility of mechanical and structural properties

Two related and crucial aspects of scaffold design in the pursuit of
controlling and directing cell behaviour are the mechanical properties
and the architecture of a scaffold, as has become increasingly clear over
the years. The surface topography and roughness (Crowder et al., 2016;
O’Brien, 2011), material stiffness (Curtis et al., 2006; Engler, Sen,
Sweeney, & Discher, 2006; Hutmacher, 2010; O’Brien, 2011), and
features from the microscale down to the nanoscale (Crowder et al.,
2016; Curtis et al., 2006; O’Brien, 2011; Stevens & George, 2005) have
all been shown to influence cell behaviour. Additionally, adequate pore
size and interconnectivity are necessary to allow cell migration into a
scaffold, the diffusion of nutrients into and waste out of a scaffold
(O’Brien, 2011), while pore geometry is able to influence the local
mechanical stimuli that a cell senses (Campos Marin & Lacroix, 2015)
and is able to influence cell shape and fate (Crowder et al., 2016). Given
the importance of these properties, the reproducibility of designed
tissue engineering scaffolds becomes a critical component of the actual
design process, and is necessary to ensure the repeatability and thus
validity of any measurements obtained. This structural reproducibility,
however, is still a challenge to achieve, not only with the

manufacturing methods commonly used with polymeric systems such
as the formation of crosslinked hydrogels, freeze drying, and electro-
spinning, but even with the more precise additive manufacturing
techniques. Local distribution of stresses have been found to vary in
polymeric systems (Campos Marin & Lacroix, 2015) and even in metals,
where the geometry and fatigue performance do not precisely match
their original design (Ryan, McGarry, Pandit, & Apatsidis, 2009; Van
Bael et al., 2011). In addition to the difficulty in obtaining reproducible
scaffold architectures, the rapid formation and establishment of a
functional vascular network remains a major limitation.

3.2. Vascularisation

In the pursuit of effective and clinically relevant implant solutions,
the rapid establishment of functional vasculature is necessary to pro-
vide an adequate supply of nutrients and oxygen to the area of im-
plantation. Without a properly vascularized network within an implant,
internal regions will become hypoxic, resulting in tissue necrosis. Many
limitations to the types of tissue substitutes that may be used exist
largely due to the limit of diffusion for oxygen and nutrients that must
first be overcome for larger tissues replacements to be viable (Laschke &
Menger, 2016; Rouwkema & Khademhosseini, 2016). Furthermore, the
rate of vascular network formation is limited by the need for the host
tissue to first locally degrade the engineered ECM before sprouting, at
an average angiogenic vessel growth rate of 5 μm/h (Frueh et al., 2017).
To improve this rate, various approaches have been assessed, such as
pre-vascularisation strategies (Laschke & Menger, 2016), along with
strategies to obtain more biomimetic materials. Among the latter, as-
pects such as matrix stiffness and the effects of fluid shear on vessel
growth has been tested at varying vessel sizes (Arrigoni et al., 2016;
Lesman, Rosenfeld, Landau, & Levenberg, 2016; Linville, Boland,
Covarrubias, Price, & Tien, 2016), with inconsistent results. Single and
multiple pro-angiogenic growth factors have also been studied, finding
that the use of a combination of these factors helps support vascular-
ization, resulting in longer network formation and number of branches
(Arrigoni et al., 2016), as well as increased vessel formation and ma-
turation when compared to a single growth factor (Rouwkema &
Khademhosseini, 2016). The use of peptides that mimic growth factors
has also been shown to be effective, like the agonist peptide QK that
replicates the helix region of the vascular endothelial growth factor
(VEGF), allowing it to bind to its receptors, inducing angiogenesis and
improving vascularisation (Prakash Parthiban, Rana, Jabbari,
Benkirane-Jessel, & Ramalingam, 2017). A more recent pre-vascular-
isation strategy takes advantage of functional vessel fragments, known
as adipose tissue-derived microvascular fragments (ad-MVF), that can
be generated in large amounts from fat tissue and have a high vascu-
larisation capacity (Später, Frueh, Menger, & Laschke, 2017). When
seeded onto a scaffold and implanted into a 4mm diameter skin defect
on mice (Frueh et al., 2017), the ad-MVFs were able to invade into and
vascularise throughout the implant, integrating with the host vessels in
14 days. Additionally, the fragments release angiogenic growth factors,
contributing to their great potential for recreating a vascular network
and connecting to the host vessels. An alternative approach to over-
coming the limits for larger tissue implants is to apply a bottom-up
assembly of units small enough to remain within the diffusion limit of
oxygen and nutrients, such as with cell-encapsulating microgels (Guven
et al., 2015), where the substituent units can be built up in a directed or
self-assembling manner amongst each other or potentially around a
scaffold with predefined channels. Though our understanding is pro-
gressing, it is evident that even in this one facet of tissue regeneration
there is a level of complexity that is both difficult to decipher and to
replicate.

3.3. Biological complexity and the extracellular matrix

One major barrier to the advancement of current approaches in
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tissue engineering is the sheer complexity of the biological environment
in which these materials are intended to be used. Contributing to this
complexity are the diversity of cell types and their spatiotemporal
variations of surface receptors (Caré & Soula, 2012; Shankaran, Resat, &
Wiley, 2007; Sungkaworn, Rieken, Lohse, & Calebiro, 2014), the im-
mune and foreign body responses (Anderson, Rodriguez, & Chang,
2008; Morais, Papadimitrakopoulos, & Burgess, 2010; Sheikh, Brooks,
Barzilay, Fine, & Glogauer, 2015) and the natural processes involved in
tissue regeneration and wound healing (Clevers, Loh, & Nusse, 2014;
Coffman, Rieger, Rogers, Updike, & Yin, 2016; Velnar, Bailey, &
Smrkolj, 2009; Zhao, Tumaneng, & Guan, 2011). As the considerable
extent of this area is not within the scope of this review, focus will be
given instead to a brief overview of the composition and functions of
the extracellular matrix. Essentially the blueprint for the design of
tissue engineering scaffolds, the extracellular matrix is an intricate
network surrounding cells that provides many cues directing cell be-
haviour from migration, adhesion and proliferation, to differentiation
and death, while being constantly remodelled as needed in order to
regulate this behaviour (Hynes, 2009; Lu, Takai, Weaver, & Werb,
2011; Schwartz, 2010). These cues are provided via the surface re-
ceptors of its many components (Hynes & Naba, 2012; Lu et al., 2011),
the mechanical properties of these components (Schwartz, 2010), as
well as by growth factors and other soluble cues sequestered within its
network. This network consists of a wide variety of approximately 300
known core components including many proteoglycans, glycosami-
noglycans and glycoproteins (Hynes & Naba, 2012), and is structurally
diverse, with collagen alone having 43 subunits. The composition of the
ECM is also influenced by multiple factors, varying with the type of
tissue (Beachley et al., 2015), within a given tissue (Klaas et al., 2016),
with the age or developmental stage (Frantz et al., 2010; Williams,
Quinn, Georgakoudi, & Black, 2014), and whether a tissue is wounded
or healthy (Frantz et al., 2010; Quan & Fisher, 2015). As the archi-
tecture and elements of the ECM are many and spatiotemporally di-
verse, the narrow scope of polysaccharide modifications currently being
applied would doubtfully mimic the associated complexity of function
of this environment. While the preliminary assessments of cell adhesion
and proliferation of an immortal cell line to these materials is essential,
it is not sufficient to be indicative of an appropriate design.

3.4. Limited scope of polysaccharide modifications applied

A significant limitation in the current use of polysaccharides in
tissue engineering studies is the common off-the-shelf application of
these materials. Being naturally derived imparts a high degree of
variability in the materials being used to construct these scaffolds, not
only from the typically mentioned influences such as sourcing, pro-
cessing, and the potential presence of impurities, but also in the dis-
tribution and availability of the bioactive domains present on these
molecules. With this in mind, it is not unreasonable to expect that this
variability will affect both the properties of the scaffold being produced,
as well as the interactions between the scaffold and any cells or bio-
molecules. In addition to their off-the-shelf use, the scope of the mod-
ifications of polysaccharides being applied is narrow, with two pre-
dominant approaches, as discussed above. The first is for ease of
processing and producing a scaffold, such as the addition of functional
groups for crosslinking (e.g. methacrylate for UV crosslinking (Custódio
et al., 2016; Reys et al., 2016)) or improving the solubility of the
polysaccharide in a chosen solvent (e.g. carboxymethylation of chitosan
for water solubility (Fan et al., 2017)). The other is to simply introduce
a small set of ECM-mimetic functionalities, such as integrin binding
through the addition of fibronectin (Silva, Custódio et al., 2016) or the
RGD peptide (Bernstein-Levi et al., 2016), and enzyme-mediated scaf-
fold degradation through the introduction of MMP-cleavable crosslinks
(Broguiere, Cavalli, et al., 2016). As previously mentioned, the re-
plication of only a few aspects of the complex extracellular environ-
ment, though capable of inducing cell adhesion, proliferation, and the

presence lineage markers, is unlikely to be sufficient to properly replace
all necessary functions of this environment for the period of time that
the scaffolding remains in the body. To address these two limitations, as
well as those mentioned above, the rational design of these molecules
will be key.

4. Rational design of polysaccharides

The rational and precise design of polysaccharides would not only
ensure a more uniform product to design scaffolds with, limiting any
impacts of structural/functional variability, but would also allow the
elucidation of the many molecular mechanisms at play in the interac-
tion between cells or biomolecules and the surfaces constructed from
these polysaccharides. To begin to grasp these interactions, the effects
of chain orientation and arrangement as well as those of surface groups,
their distribution, conformation, and availability will need to be un-
derstood. Some cell-surface studies have been performed on poly-
saccharide surfaces, for instance, where Oliveira et al. examined the
effects of layer-by-layer assemblies of the cationic and aminated chit-
osan, and the anionic sulphated polysaccharides κ-, ι-, and λ-carra-
geenan (with 1, 2, and 3 sulfate groups per disaccharide, respectively)
on osteoblast activity, underlining the impact of surface amine and
sulphur content, along with the influence of their conformation and
density on cell behaviour (Oliveira et al., 2013). Yet while these studies
exist, very few systematic studies have been performed on poly-
saccharide model surfaces attempting to disentangle the effects of
surface groups, mechanical properties, and topography. The majority of
studies assessing the effects of surface topography and surface chem-
istry on cell-surface interactions have been performed on patterned
glass, silicon, and gold coated surfaces, as well as on synthetic polymer
substrates. Nonetheless, the assessment of various distributions and
densities of surface chemistries or monolayers that have been per-
formed on these substrates are useful in guiding towards potential de-
signs of interest.

Many of these cell-surface studies report on the effects of topo-
graphy (Christo et al., 2016; Curran et al., 2010; Reynolds, Pedersen,
Riehle, & Gadegaard, 2012; Yang, Rose, Gadegaard, & Alexander,
2009), and various surface chemistries which examine properties such
as water contact angles (Arima & Iwata, 2007; Christo et al., 2016; Ma,
Gao, Gong, & Shen, 2003; Oliveira et al., 2013; Rashidi, Yang, &
Shakesheff, 2014; Yang et al., 2009), surface charge (Arima & Iwata,
2007; Lee, Ducheyne, Lynch, Boettiger, & Composto, 2006), and protein
adsorption (Pacelli et al., 2016; Rostam et al., 2016), though the end
results, expectedly, vary with the cell type being tested, the type of
substrate, and the applied surface patterning/functionality being used.
There are, however, consistencies that exist between these studies. The
mechanism of protein adsorption which generally occurs through hy-
drophobic interactions is affected by the presence of hydrophilic surface
groups. These groups affect the amount of surface water resulting in a
lower interfacial free energy with the biological fluids, reducing protein
adherence (Lee et al., 2006; Pacelli et al., 2016). Moreover, there have
been results identifying water contact angles that are more moderate
are preferable for cell adherence and proliferation, though the range of
the determined ‘ideal’ water contact angles is also variable (Arima &
Iwata, 2007; Yang et al., 2009). These results are further convoluted by
the difficulty in decoupling and understanding the observed effects of
the surface modifications and their potential range of activities, with,
for example, varying surface chemistries having been found to effect
cell phenotypes (Curran et al., 2010), foreign body response to a ma-
terial (Rostam et al., 2016), as well as the immune response (Christo
et al., 2016). While these studies are useful in identifying general
groupings of chemical functionalities in terms of, for example, surface
charge, hydrophilicity, and acidic or basic nature, the rationale behind
the use of these chemistries is largely arbitrary and further hindered by
their slow incremental processes of discovery.

Many groups have sought to tackle the latter issue by generating
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high-throughput arrays involving large libraries of polymers (Anderson,
Levenberg, & Langer, 2004; Hook et al., 2012; Mei et al., 2010; Patel
et al., 2015), peptides (Zhang & Kilian, 2014), ECM components (Flaim,
Chien, & Bhatia, 2005; Flaim, Teng, Chien, & Bhatia, 2008), and even
topographies (Hulsman et al., 2015). These high-throughput screening
studies allow the rapid identification of scaffold compositions and
properties of interest for a given cell type, for cell differentiation or
stemness (2008, Flaim et al., 2005; Kim, Lee et al., 2016), for the
bacterial response of a surface (Hook et al., 2012), as well as the ad-
sorbed protein content (Wagner & Castner, 2001; Yang et al., 2010).
This rapid screening of various molecular combinations provides a
more concrete starting scaffold composition to improve on and some
insight into the mechanisms that could be at play based on the de-
termined compositions of interest, but in many cases the initial design
of the sampled libraries have an unclear driving rationale. When it
comes to polysaccharides in high-throughput assays, the focus turns not
simply to uncovering the nature behind carbohydrate-mediated inter-
actions, but to understanding one of the more encrypted aspects of
biology: the glycome.

4.1. The glycome

With an astounding degree of diversity and complexity, the glycome
refers to the complete collection of carbohydrates, or glycans, in an
organism. While the combinatorial possibilities of nucleic acids and
amino acids are limited by the number of permutations possible by their
phosphodiester and peptide bonds, respectively, the monosaccharides
that make up glycans can differ based on their ring size, anomeric
configuration, linkage points, and branching (Gupta & Surolia, 2012;
Šebestík, Reiniš, & Ježek, 2012). Even when limiting this to the 10
common sugar residues found in the human body, a trimer of these
permits over 105 different structural isomers, more than an order of
magnitude greater than the potential trimers using the 20 amino acids
(Šebestík et al., 2012; Wang, 2014). As these glycan moieties found
covering the surface of the many glycoproteins, glycolipids, and other
glycoconjugates are not encoded in the human genome, being instead
produced by complex glycosylation events involving enzymes such as
glycosidases and glycosyltransferases, their structure and location
among these molecules is heterogeneous, complex, and difficult to
predict (Russo & Cipolla, 2016; Varki et al., 2015).

This complexity, combined with the many biological functions of
these glycans, including, but not limited to, immune recognition, cell
fate, cell adhesion, and molecular trafficking and clearance (Ohtsubo &
Marth, 2006; Varki & Gagneux, 2015) further emphasizes the need for
applications of rationally and precisely designed polysaccharides. Al-
though these results may be difficult to decipher owing to the com-
plexity of the interactions occurring within the physiological environ-
ment, the majority of interaction events with glycans occur at their
terminal positions, with fewer common core structures (Varki et al.,
2015). With the developments in carbohydrate synthesis and of glycan
microarrays (Briard, Jiang, Moremen, Macauley, & Wu, 2018; Park,
Gildersleeve, Blixt, & Shin, 2013; Rillahan & Paulson, 2011), their
functional roles and the impacts of their modifications are slowly being
uncovered. And while through systems-level analyses and bioinfor-
matics studies we are improving our understanding of the glycome, the
pattering of it may not currently be a realistic target in designing
scaffolds. However, the glycome exists as an added layer of complexity
over a different collective, known as the matrisome, that can be le-
veraged for rational scaffold designs.

4.2. The matrisome

The matrisome is defined as the ensemble of ca. 1000 identified
genes encoding the extracellular matrix proteins and associated factors,
and can be divided into two major categories (Naba et al., 2016, Hynes
& Naba, 2012; Naba et al., 2012): the core matrisome, which consists of

ECM proteoglycans, glycoproteins, and collagens; and the matrisome-
associated proteins, which includes all ECM-affiliated proteins, reg-
ulators and secreted factors. By taking advantage of these well anno-
tated matrisome lists, coupled with the international effort of several
groups and consortiums curating an extensive amount of publicly
available experimental data in gene (Brown et al., 2015; Zerbino et al.,
2018), protein (Berman, Henrick, Nakamura, & Markley, 2007;
Berman, Henrick, & Nakamura, 2003; The UniProt Consortium, 2017;
Wilhelm et al., 2014), and interaction databases (Orchard et al., 2012;
Szklarczyk et al., 2015), our knowledge of the ECM can effectively be
queried concerning a given tissue or cell type. The entire matrisome and
its subsets have also been categorized into 10 separate gene sets in the
Molecular Signatures Database (MSigDB) for ease of analysis (Liberzon
et al., 2011; Naba et al., 2016; Subramanian et al., 2005). Considering
the overall aim of tissue engineering in mimicking the functionality of
the extracellular environment, our understanding of the matrisome and
the interactions that occur within and among its members would be a
feasible starting point in rationally designing tissue engineering mate-
rials. One could imagine the selection of key proteins or other factors
based on their known associated interactions and functionality of in-
terest, an assessment of the mechanisms of these interactions, and the
translation of this mechanism into biomaterial design. This approach
would provide a more meaningful outcome and understanding of the
inclusion of specific chemistries and their 3D organisation given their
basis in one or more existing biological functions, as opposed to the
unpredictable effects of coating, combining or conjugating scaffolds
haphazardly with molecules that confer a desirable effect and post-hoc
interpreting what it could mean, such as the cell-adhesive nature of the
widely applied RGD peptide sequence.

4.3. Case study: the notorious RGD

The most prevalently used cell-adhesive peptide motif, the RGD
sequence was identified over 30 years ago in fibronectin (Pierschbacher
& Ruoslahti, 1984). This recognition sequence is also present in other
cell-adhesive ECM proteins such as vitronectin and fibrinogen. While a
cursory search shows it makes up 85% of the focus using peptide
binding motifs in tissue engineering, it only accounts for binding with 8
of the 24 known integrin heterodimers (Kapp et al., 2016; Plow, Haas,
Zhang, Loftusʈ, & Smith, 2000). Moreover, while other integrin re-
cognition sequences such as the YIGSR and IKVAV of laminin, and the
DGEA or GFOGER of collagen, among others, are known (Huettner,
Dargaville, & Forget, 2018) and have been known for some time
(Yamada, 1991), their application has been largely overshadowed by
the use of this single sequence. Aside from the clear drawback that the
use of the RGD sequence alone cannot provide the recognition required
to create an effective ECM-mimic, it does not necessarily represent the
appropriate variation in compositional recognition among different
tissues. Furthermore, its typical application overlooks the capability of
integrins to distinguish between the different RGD-containing ECM
proteins as well as their mechanism of interaction, not to mention the
isoforms of the fibronectin protein itself. Using the RGD peptide se-
quence as an example through the above-mentioned approach, a po-
tential alternative to its application will be discussed and presented.

To begin, take the example of the protein fibronectin, the originally
identified host of the minimal RGD sequence, and one of the many
available interaction databases, MatrixDB (Chautard, Ballut, Thierry-
Mieg, & Ricard-Blum, 2009; Chautard, Fatoux-Ardore, Ballut, Thierry-
Mieg, & Ricard-Blum, 2011), as it focuses specifically on the extra-
cellular matrix. A search for fibronectin on this database returns a total
of 477 interaction partners within the ECM (along with links to the
appropriate experimental sources), and in addition to information such
as expression data, proteomics data, and 3D structure, two lists of an-
notations known as UniProtKB keywords (The UniProt Consortium,
2017) and GO (gene ontology) terms (Ashburner et al., 2000; The Gene
Ontology Consortium, 2017). Both, though independently developed,
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have a similar function in that their hierarchical vocabulary aids in
categorising and retrieving entries of proteins or genes/gene products
based on their involvement in a biological process, molecular function,
as a cellular component or even if their sequence can differ due to post-
translational modifications. Though currently interested in this protein
for its cell adhesive capabilities, it should not be neglected that fi-
bronectin is also involved in a myriad of different processes and func-
tions within the ECM, and that its reduction to a tripeptide sequence
would abrogate many of these interactions. Nevertheless, already aware
that fibronectin binds to integrin and that this mechanism involves the
RGD sequence, though the information in these interconnected data-
bases would lead to the same conclusion, the interaction itself can be
focused on. And, as a few years have passed since the identification of
the sequence, our knowledge of this interaction has grown con-
siderably.

We have known for some time that the spacing and clustering of
RGD ligands has a profound impact on cell adhesion and focal adhesion
formation (Huang et al., 2009; Koo, Irvine, Mayes, Lauffenburger, &
Griffith, 2002; Maheshwari, Brown, Lauffenburger, Wells, & Griffith,
2000; Selhuber-Unkel et al., 2010; Selhuber-Unkel, López-García,
Kessler, & Spatz, 2008), with a spacing of less than 70 nm being re-
quired for effective focal contacts on patterned surfaces, further cor-
roborated by cryo-electron tomography studies which find the focal
adhesion sites on the cells themselves exhibit a similar degree of spa-
cing (Patla et al., 2010). Additionally, the existence of metal ion-de-
pendent adhesion sites (MIDAS) and their associated conserved DXSXS
motifs (where X is any amino acid) in the β subunits of integrin, along
with their implication in ligand binding that could involve the aspartic
acid residue of the RGD sequence, were also identified over 20 years
ago (Bergelson & Hemler, 1995; Gille & Swerlick, 1996; Gumbiner,
1996; Lee, Rieu, Amin Arnaout, & Liddington, 1995; Stewart & Hogg,
1996; Stewart, Thiel, & Hogg, 1995). Since then, further interrogation
of these mechanisms have helped uncover the roles of metal ion co-
ordination in integrin stabilisation and binding, with a central MIDAS
site containing an Mn2+/Mg2+ ion flanked by Ca2+ ions in an adjacent
MIDAS (ADMIDAS) site and a ligand-induced metal binding site
(LIMBS) (Chen, Salas, & Springer, 2003; Craig, Gao, Schulten, & Vogel,
2004; Luo, Carman, & Springer, 2007; Mould, Barton, Askari, Craig, &
Humphries, 2003; Nagae et al., 2012; Springer, Zhu, & Xiao, 2008;
Xiong et al., 2001, 2002).

While our understanding of the entire process is becoming in-
creasingly detailed, the associated interactions with the RGD ligand are
understood to involve a coordination between the carboxyl group of the
aspartic acid residue and the MIDAS ion in the β subunit, while the
guanidium group of the arginine interacts via salt bridges with residues
in the α subunit in a manner dependent on each subunit, conferring
selectivity for specific ligands (Donald, Kulp, & DeGrado, 2011). The
interaction with the α5 and αV subunits, for example, both involve a
side-on interaction with the carboxylate of an Asp residue, while the α5
also interacts in a head-on manner via the amide group of a glutamine
residue (Fig. 4) (Nagae et al., 2012). Furthermore, the separation be-
tween the residues (i.e. the conformation of the ligand), as well as the
flanking residues of the RGD sequence further contribute to this affinity
for specific integrin heterodimers, and can be chosen in a manner to

provide the intended selectivity (Kapp et al., 2016). With all this
known, it may then not come as a surprise that surfaces coated with
various combinations of functional groups such as carboxyls and
amines could permit biological activity, while crosslinking that makes
use of these same groups, for instance carbodiimide crosslinking, would
prevent their participation in the interactions (Bax et al., 2017;
Davidenko et al., 2016). Now reduced to essentially the chemical basis
of these interactions, rather than tagging the RGD peptide onto a mo-
lecule or material, polysaccharides could be rationally designed with
the appropriate groups in the necessary geometric orientation to pro-
vide the selectivity required for a given integrin heterodimer as eluci-
dated in the above studies. This could then be extended as a general
approach to rationally design materials for precise interactions needed
for different biological functionalities.

However, this is performed with the knowledge that fibronectin
binds to integrin on the cell surface, providing the desired cell adhesive
property. In the case that the molecules and interactions involved in a
desired property are unknown, one could query using the aforemen-
tioned annotations such as GO terms or UniProtKB keywords for the
function or biological process of interest (Ashburner et al., 2000; The
Gene Ontology Consortium, 2017). Staying with this example, a search
for the GO term ‘cell adhesion’ (GO:0007155) would lead to the child
term cell-substrate adhesion (GO:0031589), its child term cell-matrix
adhesion (GO:0007160), and so forth. Similarly, a search for the GO
term ‘extracellular matrix’ (GO:0031012) would lead to its respective
child terms. Using the two more general GO terms for ‘cell adhesion’
and ‘extracellular matrix’ as a query in a protein sequence database
such as UniProt (The UniProt Consortium, 2017), along with a filter for
the organism of interest, would lead the curious researcher to a list
containing entries for many of the familiar integrin binding proteins
including collagen, laminin, vitronectin, thrombospondin, and, of
course, fibronectin. Upon selecting one of these entries, an extensive
aggregate containing or linking to information from the protein’s
function, sequence, 3D structure, to its pathology, post-translational
modifications, and interactions are available for analysis along with all
associated publications where relevant. From there, a short literature
survey would return the enquiring mind to our starting point in the case
study above. Naturally, while this whole approach requires an aware-
ness of the existence of these databases and a certain grasp of the ter-
minology to extract the information of interest, it is at best a simplistic
use of these tools, with the full potential requiring more rigorous
bioinformatic analyses. Of course, collaborations should be far from the
last thing on our minds in such an inherently multidisciplinary field of
research. What is hopefully clear is that the currently applied ‘mimetic’
functionalities included in tissue engineering material design do not
even begin to scratch the surface of the breadth and variety of inter-
actions available within the ECM that could be examined in a similar
manner to inspire more effective and rationally designed constructs.

4.4. Topochemical engineering of static and dynamic polysaccharide-based
scaffolds

Topochemical engineering is a method to design fractionation
(disassembly) and fabrication (assembly) of highly engineered

Fig. 4. Binding modes of a linear RGD peptide to the α5β1 and
αVβ3 integrins. Carbon, Oxygen, and Nitrogen represented in
yellow/magenta, red, and blue, respectively. Figure adapted
from (Nagae et al., 2012) (for interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article).
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functional materials using a combination of molecular and supramo-
lecular techniques (Sobhanadhas, Kesavan, & Fardim, 2018). Multi-
functionalisation of polysaccharides with charged or hydrophobic
groups allows the directed topochemical assembly of complex na-
noarchitectures suitable for the cellular microenvironment. Multi-
functionalisation of polysaccharides also allows the introduction of
dynamic features to the scaffold through engineering of cell-surface
interactions. It is evident that surface chemistry and topography, along
with mechanical properties of the substrate material are critical factors
in cell-surface interactions and that it is necessary to carry out well
designed systematic studies on model surfaces in order to effectively
decode these interactions. However, the design of the scaffold itself,
and of its constituents, is just as crucial. There must be some rationale
behind the selected designs to provide a foundation with which to
understand the potential impact of its choice. One approach to this
would be to combine topochemical engineering with the wealth of
knowledge and data available from extensive bioinformatics studies on
the matrisome and the nature of the interactions therein to drive the
rational design of materials for scaffolds, even on a tissue-by-tissue
basis. This, in combination with studies of the mechanics of cell-surface
interactions and the continuing development of instruments and
methods for characterising cell interactions in a 3D environment would
greatly advance our understanding of how to rationally design appro-
priate biomimetic materials for tissue engineering. Furthermore, this
approach would help reveal if there is a minimal composition within
these materials that could adequately mimic the necessary ECM func-
tionality for a given application without the need to completely re-
produce all native functionality of this complex environment.

5. Conclusions

With the recent progress and increasing interest in the manu-
facturing of 3D polysaccharide materials for tissue engineering, it is
becoming clearer that our control over the structure, and thus function
of these materials from the macro- to molecular-scale is hindering their
capabilities as suitable and effective scaffolds. As we are without a
complete understanding of the molecular mechanisms involved in the
interaction between cells and biomolecules in a physiologically relevant
environment, and the surfaces with which they are interacting, we lack
the core knowledge needed to properly understand how to design
materials for use in the context of tissue engineering. Alongside the
developments being made in the processes of manufacturing more
precise 3D polysaccharide materials for tissue engineering, progress
must also be made in our grasp of these fundamental interactions
through well characterised studies with model surfaces. The rational
and precise design of polysaccharides will be crucial in gaining control
over the interactions that these materials have within a cellular context,
by ensuring both a more controlled product with which to produce
these scaffolds, while also aiding in the elucidation of the molecular
mechanisms that are involved in these interactions. Taking advantage
of topochemical engineering methods and the considerable structural
and functional diversity of polysaccharides through their rational and
precise design, and consequently their more effective application in
these two areas of tissue engineering scaffold design, will be critical in
the progression of the field.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.carbpol.2018.10.039.
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