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1 | INTRODUCTION
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Abstract

Tissue engineering and regenerative medicine rely extensively on biomaterial scaf-
folds to support cell adhesion, proliferation, and differentiation physically and
chemically in vitro and in vivo. Changes to the surface characteristics of the scaf-
folds have the greatest impact on cell response. Here, we discuss five dominant
surface modification approaches used to biomimetically improve the most common
scaffolds for tissue engineering, those based on aliphatic polyesters. Scaffolds of
aliphatic polyesters such as poly(L-lactic acid), poly(L-lactic-co-glycolic acid), and
poly(s-caprolactone) are often used in tissue engineering because they provide
desirable, tunable properties such as ease of manufacturing, good mechanical prop-
erties, and nontoxic degradation products. However, cell-surface interactions nec-
essary for tissue engineering are limited on these materials by their smooth
postfabrication surfaces, hydrophobicity, and lack of recognizable biochemical bind-
ing sites. The surface modification techniques that have been developed for syn-
thetic polymer scaffolds reduce initial barriers to cell adhesion, proliferation, and
differentiation. Topographical modification, protein adsorption, mineral coating,
functional group incorporation, and biomacromolecule immobilization each contrib-
ute through varying mechanisms to improving cell interactions with aliphatic poly-
ester scaffolds. Furthermore, rational combination of methods from these
categories can provide nuanced, specific environments for targeted tissue
development.
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Research in this area creates scaffolds to grow and sculpt tissues in
three dimensions. Scaffolds used in tissue engineering mimic the nat-

Tissue engineering focuses on the creation of artificial tissues and
organs for transplant. Tissue engineers use cells, biomaterials, bio-
chemical factors, and physical factors to maintain, improve, or replace
biological tissues (Lanza, Langer, & Vacanti, 2014). In a typical tissue
engineering model, cells are harvested from an organism and grown
in cell culture media, often with solid scaffolding constructs providing

structure and support in vitro.

ural extracellular matrix (ECM) and provide support for cell adhesion,
migration, proliferation, tissue generation, and 3D organization. The
scaffold needs to be completely biodegradable so that the scaffold dis-
integrates entirely and nontoxically as it is replaced by tissue.
Scaffolds are made from natural and synthetic biomaterials. Natu-
ral scaffold biomaterials include collagen, chitosan, and decellularized

tissues. Synthetic biomaterials include polymers such as poly(lactic
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acid) (PLA), poly(L-lactic-co-glycolic acid) (PLGA), and poly(e-
caprolactone) (PCL). Although natural biomaterials are often used as
scaffolds, they suffer from batch-to-batch variation. Synthetic poly-
mers are more easily and consistently reproduced using manufactured
specifications. However, they are often hydrophobic and less accu-
rately mimic the in vivo microenvironment of cells (Lanza et al.,
2014; Zhang, Ortiz, Goyal, & Kohn, 2014).

Tissue engineering relies on producing microenvironments that
support cell growth and controlled differentiation into mature cells
capable of regenerating the desired tissues, such as bone, skin, or spi-
nal cord tissue. Most often, undifferentiated cells are cultured on a
natural or synthetic biomaterial, which acts as a surrogate scaffold
before and during differentiation and tissue development. Through
cell-surface interactions, the biomaterial can support the cell mechan-
ically and provide chemical cues (Boyan, Hummert, Dean, & Schwartz,
1996). Because scaffolds can extensively affect cell fate, biomaterials
and tissue engineering researchers have focused on developing biomi-
metic scaffolds that provide biochemical and physical signals mimick-
ing the target microenvironment.

Aliphatic polyesters are a group of synthetic polymers that can
provide a viable base material for scaffolds due to their nontoxic bio-
chemical degradation and adaptability. Aliphatic polyesters were first
used in the medical field as sutures in 1971 (Frazza & Schmitt,
1971). Since then, their medical use has expanded to include use as
tissue engineering scaffolds. Aliphatic polyesters include PLA, PLGA,
and PCL (Jafari et al., 2017; Liu & Ma, 2004). Although other aliphatic
polyesters see use as tissue engineering scaffolds, PLA, PLGA, and
PCL have seen the most extensive application of surface modification
techniques.

Poly(glycolic acid) (PGA) is often used as mesh scaffolding for
blood vessel tissue as well as cartilage and neuronal tissue, but its rel-
atively fast degradation period (2 weeks to 5 months) limits its use in
other tissues (Gong & Niklason, 2008; Niklason et al., 1999; Quint,
Arief, Muto, Dardik, & Niklason, 2012; Seal, Otero, & Panitch, 2001).
However, PGA's copolymers with lactic acid, PLGA, form the most
widely used synthetic scaffold material in tissue engineering. Because
PGA has a quick degradation rate and PLA typically takes over a year
to degrade fully, copolymers with varying ratios can be used to tune
the scaffold degradation rate (Peter, Miller, Yasko, Yaszemski, &
Mikos, 1998).

PLA's role as a chiral molecule with different properties for each
enantiomer contributes to its versatility as a scaffolding material. The
most common form of PLA is a mixture of its enantiomers, poly(D,L-
lactic acid) (PDLLA). In tissue engineering scaffolds, however, poly(L-
lactic acid) (PLLA) is more frequently used. PDLLA forms an amor-
phous polymer used in drug delivery, whereas PLLA forms a semicrys-
talline structure with high mechanical strength and toughness, which
is more often appropriate for tissue engineering (Ramot, Haim-Zada,
Domb, & Nyska, 2016; Saltzman & Kyriakides, 2014).

PCL degrades more slowly than PLA or PLGA, but its toughness
and biocompatibility make it an effective scaffolding material, espe-
cially for bone tissue engineering (Abedalwafa, Wang, Wang, & Li,
2013; Saltzman & Kyriakides, 2014). PCL can be shaped in many of

the same ways as PLLA and PLGA to produce nanofibers, films, or
3D scaffolds. It also shares many ways to be surface modified, includ-
ing grafting, adsorption, and plasma treatment.

PLA, PLGA, and PCL have several mechanical and chemical proper-
ties in common that make them excellent scaffold biomaterials. All
three, in their unmodified forms, are biocompatible, demonstrating
no significant toxicity to cells cultured on their surfaces and degrading
into nontoxic monomers such as lactic acid (Jafari et al., 2017; Ramot
et al., 2016). They are also highly consistent synthetic materials with
readily controlled polymeric properties, unlike natural and naturally
derived scaffolding biomaterials. They are easily shaped using tech-
niques such as solvent-casting, particulate-leaching, molding, and
fused-deposition modeling to create specific architectures for three-
dimensional scaffolds (Serra, Mateos-Timoneda, Planell, & Navarro,
2013; Tadmor, 2006; Williams et al., 2005). Their mechanical proper-
ties can be tuned to imitate multiple tissue types, such as the bone
or tendon tissue. They can support adherent cells even when subject
to significant fluid shear forces found in the body (Alvarez-Barreto
et al., 2011; Alvarez-Barreto & Sikavitsas, 2007; Trachtenberg et al.,
2017). Furthermore, with respect to the initial cell adhesion and prolif-
eration time scales relevant to surface modification, degradation of
synthetic aliphatic polymers does not play a significant role (Rohman,
Pettit, Isaure, Cameron, & Southgate, 2007).

However, these synthetic polymers cannot compare with natural
biomaterials in terms of biochemical activity. In many medical applica-
tions, the biological inactivity of PLA, PLGA, and PCL is advantageous,
but not in tissue engineering. Although many anchorage-dependent
cells can adhere to their surfaces and grow, they expend additional
energy producing ECM. Natural biomaterials, such as collagen and gel-
atin, provide the basic constituents of ECM, accelerating cell growth
and development (Garcia & Reyes, 2005). Beyond lacking ECM con-
stituents, PLA, PLGA, and PCL contain no bioactive moieties such as
amine and thiol groups that could conjugate with ECM molecules (Fig-
ure 1). Aliphatic polyesters also suffer from low hydrophilicity due to
hydrocarbon backbones, limiting cell contact spreading prior to ECM
development (Shin, Jo, & Mikos, 2003; Thanki, Dellacherie, & Six,
2006; Yang, Leong, Du, & Chua, 2001). Biomimetic approaches in syn-
thetic polymer scaffold design seek to unite the consistency, manufac-
turability, and mechanical properties of synthetic polymers with the
cell-signaling potential found in native tissues.

Notably, hydrogels based on synthetic polymers are highly popular
alternatives to aliphatic polyester scaffolds. Hydrogels are cross-
linked, insoluble polymers that absorb large amounts of water. These

polymers have a high degree of chemical design flexibility, supporting

CHy CHy
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FIGURE 1 Repeating unit chemical structure of three aliphatic
polyester polymers commonly used for tissue engineering scaffolds.
These polymers are highly hydrophobic and provide limited functional
group availability for chemical reactivity with cells
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a variety of biomimetic systems (Clegg, Wechsler, & Peppas, 2017; De
Witte, Fratila-Apachitei, Zadpoor, & Peppas, 2018; Neves et al., 2017).
In fact, hydrogels actively respond to the environment based on mech-
anisms such as pH-dependent swelling and molecular sensing (Clegg
et al., 2017; Peppas & Van Blarcom, 2016). Thus, hydrogels hold great
promise as the next generation of advanced scaffolds for tissue
engineering.

However, hydrogels are limited in certain applications of tissue
engineering by their lower mechanical strength, deformation under
flow perfusion conditions, and differences in cell adhesion behavior
compared with aliphatic polyester scaffolds. Due to the difficulty of
comparing surface modification techniques between hydrogels and
hydrophobic polymer scaffolds, we do not directly address them here.

For 3D scaffolds, porosity and pore structure play an important
role in cell penetration and mechanical forces. For bone tissue engi-
neering, scaffolds have been designed with trabecular bone-like
porosity or through experimental trials to determine optimal porosity
for cell development (Fernandez-Yague et al., 2015). Other scaffolds,
such as for vascular tissue engineering, based their porosity and struc-
ture on factors such as permeability requirements (Flemming, Murphy,
Abrams, Goodman, & Nealey, 1999).

Yet the greatest opportunity for biomimetic modifications occurs
in the choice and design of the biomaterial itself. Physicochemical
properties intrinsic to each material greatly influence cell adhesion,
proliferation, and differentiation on the scaffold (Murphy, McDevitt,
& Engler, 2014; Stevens & George, 2005). Improvements in cell adhe-
sion lead to a greater fraction of cells surviving the seeding process
and developing ECM on the scaffold. Faster proliferation increases cell
density on the surface, and greater control of differentiation improves
the chances of successful grafting upon implantation. All three factors
accelerate the tissue engineering process, supporting the goal of viable
engineered tissue implants in clinical practice. The choice of biomate-
rial and its subsequent treatments play a critical role in this process,
but there are many approaches to modifying biomaterials, and each
has its advantages and disadvantages for their intended tissue.

For aliphatic polyesters and other biomaterials, there are two main
approaches to modification: bulk and surface modifications. Bulk mod-
ification changes the entire biomaterial, even the parts not exposed to
cells. Surface modification treatments focus on changing only the sur-
faces where cells interact, maintaining the integrity of the material's
backbone (lkada, 1994).

Bulk modifications tend to alter structural and mechanical proper-
ties, and many require a complete reevaluation of all the material's
properties. With functional bulk modifications, a large portion of the
functionality remains unused because the cells only interact with the
material's surface. However, as the material degrades, exposure of
cryptic functional groups sustains bioactivity.

Surface modification, by contrast, sees greater effect per added
functionality because all function is concentrated on the cell-surface
interface, but more rapidly loses their effectiveness as the surface
begins to degrade. This can be advantageous in tissue engineering
because cells need the greatest support and guidance during their ear-

liest phases. Once matured and ensconced in appropriate ECM, cells

will tend to produce their own differentiation and growth signals. Sur-
face modifications do not usually change the underlying material,
resulting in a bioactive change that does not sacrifice mechanical
properties (Chen & Su, 2011; Goddard & Hotchkiss, 2007). For that
reason, surface modifications are especially effective for biomimetic
synthetic polymer scaffolds.

Here, we address the dominant approaches to modifying the sur-
face of aliphatic polyester constructs to create biomimetic scaffolds
for tissue engineering.

Five major groups of surface modifications are identified, and their
development, objectives, and unique features are discussed to justify
their categorization as distinct regimes of scaffold surface modifica-
tion (Figure 2). Although each group individually contributes signifi-
cantly to cell-surface interactions, it is proposed that most or all
cellular mechanisms activated by the different groups are used in the
natural tissue microenvironment, and therefore, all groups and their
combinations warrant further study. In brief, this review addresses
topographical modifications, protein adsorption, inorganic mineral
deposition, functional group addition, and conjugation or entrapment
of complex biomolecules. By presenting these groups in a united
review, we aim to introduce a comprehensive perspective on scaffold
surface modification that facilitates further comparison and rational

combination of the techniques.

2 | TOPOGRAPHICAL MODIFICATION

Topographical modifications alter cell response through changes in the
geometry of their microenvironment. Because this modification
approach aims to alter the physical state of the scaffold surface with-
out changing chemical properties, it is highly translatable across mate-
rials. Topographical modification techniques have been developed for
PLA (Yang et al., 2003), PLGA (Brown et al., 2005), and PCL (Cassidy
et al., 2014) as well as for titanium (Zinger et al., 2005), polystyrene
(Yim, Darling, Kulangara, Guilak, & Leong, 2010), silicon (Fiedler
et al., 2013), and other hard biomaterials (Itdl3, Koort, Ylanen, Hupa,
& Aro, 2003).

Topographical modifications are largely restricted to low-micron
and nanometer ranges that adherent cells can recognize (Kantawong
et al.,, 2010; Kim et al., 2012; Stevens & George, 2005). Modifications
range from random, simple, and homogeneous to highly specific,
ordered treatments (Figure 3). Basic treatments aim primarily to
increase the surface roughness of the material, increasing surface area
for cell interaction and increasing hydrophilicity of the surface. Alter-
natively, basic topographical treatments can be used to increase
hydrophobicity, reducing unwanted cell adhesion (Alves et al., 2009).
Advanced topographical treatments tend to elicit more specific cell
responses, such as directing mobility and striation or governing differ-
entiation timing and pathways. Both basic and advanced approaches
on any material contribute to an understanding of how cells respond
to surface physical factors, an important consideration in any scaffold

design.
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FIGURE 2 Tissue engineering scaffold surface modification techniques. Mineral deposition subsection represents hydroxyapatite [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Varying approaches in topographical modifications for guiding cell response. Figures adapted from Dalby et al. (2007), S. J. Kim, Jang,
Park, and Min (2010), W. J. Li, Laurencin, Caterson, Tuan, and Ko (2002), Miller, Thapa, Haberstroh, and Webster (2004), Thanki et al. (2006), and
Unadkat et al. (2011), with permission from Elsevier, Springer Nature, and Wiley [Colour figure can be viewed at wileyonlinelibrary.com]

The simplest approach to aliphatic polyester topographical modifi-
cation, alkali acid etching, increases the surface roughness of the scaf-
fold and hydrophilicity. Alkali acid polyester etching has been used to
modify scaffolds for several tissue types, including the bone (Smith,
Niziolek, Haberstroh, Nauman, & Webster, 2007), cartilage (Park,
Pattison, Park, & Webster, 2005), blood vessels (Miller et al., 2004),
and bladders (Pattison, Wurster, Webster, & Haberstroh, 2005; Thapa,

Miller, Webster, & Haberstroh, 2003). Acid etching relies on hydroxide
nucleophilic attack of the ester bonds, often facilitated by organic
compounds such as ethanol or citric acid that assist in solubilizing
the hydrophobic polymer surface. Alkali acid etching has been shown
to reduce the water contact angle of PLLA by more than 20° and
improve cell affinity (Guo, Xiang, & Dong, 2015). PLGA treatments

resulted in 500% increase in nanoscale surface roughness and
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enhanced vascular cell attachment and chondrocyte development
(Park et al., 2005). However, alkali acid etching acts by eroding the
biomaterial, so it is not viable for thin films or nanofibers.

The incorporation of nanofibers has recently emerged as one of
the most popular forms of topographical modifications (Kim et al.,
2010; Woo et al., 2007). Electrospinning of polymers produces nano-
fibers, resulting in a nanoporous mesh that mimics fibrous ECM. PLGA
and PLA nanofibers for tissue engineering scaffolds display improved
cell culture properties when compared with smooth materials (W. J.
Li et al., 2002). Molded 3D nanofibrous PLLA scaffolds with controlla-
ble macroporosity outperform solid PLLA 3D scaffolds in both cell
proliferation and osteogenesis (Chen, Smith, & Ma, 2006). Similar scaf-
folds have been developed and tested for nerve tissue and epithelial
tissue (H. S. Koh, Yong, Chan, & Ramakrishna, 2008; Leong, Chian,
Mhaisalkar, Ong, & Ratner, 2009; Zamani, Amani-Tehran, Latifi, &
Shokrgozar, 2013).

In addition to supporting differentiation goals, nanotopographical
modifications on PCL have been used to support lasting MSC
pluripotency over 8 weeks. Dalby and colleagues demonstrated that
stem cells cultured on PCL with regularly distributed nanopits formed
by hot embossing maintained stem cell phenotype for a period of
8 weeks (McMurray et al., 2011). Furthermore, these cells readily per-
formed osteogenic or adipogenic differentiation when transferred to
different scaffolds and subject to differentiation-signal media. When
cultured on the ordered pits with osteogenic media, cells exhibited
reduced differentiation compared to flat PCL, suggesting competitive
signaling between the surface morphology and the media compo-
nents. When pits were displaced into irregular position, cellular differ-
entiation increased (Cassidy et al., 2014). On polymethylmethacrylate,
nanopits were used to demonstrate that nanotopographical cues can
induce osteoblastic differentiation without osteogenic media (Dalby
et al., 2007). This set of experiments reveals the versatile and critical
role of nanotopography in governing cell response.

Solvents and partial solvents of PLLA and PLGA significantly affect
surface hydrophobicity (Thanki et al.,, 2006). Toluene, acetone, and
ethyl acetate act as partial solvents of PLLA and PLGA, swelling the
usually hard material like a hydrogel without dissolving the polymer.
Temporary exposure to these weak solvents leaves lasting effects on
the surface, significantly increasing water contact angle. Further study
of the films indicated that hydrophobic methyl groups tend to orient
toward an air-interface surface, with a time-dependent change in
water contact angle suggesting restructuring of the surface when
exposed to water. These conclusions present possibilities for surface
entrapment approaches and important considerations for wet chemis-
try treatments.

Computational studies using high-throughput methods have vali-
dated a relationship between topographical cues and cell response
(Unadkat et al., 2011). Machine learning algorithms discovered a Fou-
rier-based parameter correlating spatial distribution of topographical
microstructures to cell proliferation and osteogenesis.

Topography also affects protein response to surfaces. Smooth
PLGA induces greater conformational change on fibrinogen than

PLGA with nanoscale topographical features (Koh, Rodriguez, &

Venkatraman, 2010). This result elucidates how minor topographical
changes to the surface produce cascading effects on cell response
because the activity of ECM proteins such as fibronectin mediates cell
adhesion.

Topographical surface modifications have made impressive
improvements to the cellular compatibility of polyester scaffold sur-
faces and contributed to an understanding of physical influences on
cell fate. Biggs, Richards, and Dalby (2010) further discuss the influ-
ence of nanotopography on cell adhesion with emphasis on the mech-
anism of integrin-mediated focal adhesions. However, topography
modification is just one of several tools to induce biomimicry in tissue
engineering scaffolds. Presentation of proteins, functional groups, and
biomacromolecules on the surface drives further specific cell
responses. Because aliphatic polyesters in tissue engineering are val-
ued for their mechanical and physical properties, they have greater
opportunity for improvement of their chemical and biological

properties.

3 | PROTEIN ADSORPTION

Noncovalent adsorption of ECM proteins and other bioactive mole-
cules influences cell response to surfaces. Typical adsorption bonds
are weak, depending on forces such as electrostatic interactions, van
der Waals forces, and ligand-receptor pairings. These treatments are
more susceptible to degradation and washing effects. Due to the tran-
sient nature of adsorption, effectiveness of these treatments can be
challenging to quantify. Additionally, cell response to adsorbed pro-
teins is difficult to isolate, especially because cells are regularly cul-
tured in serum-containing media that facilitates uncontrolled protein
adsorption to surfaces.

Protein adsorption plays a large role in in vivo response because
immunogenic response depends on adsorbed proteins for targeting
and signaling (Kao, 1999; Li et al, 2012). Interfacial events occur
quickly in vivo, requiring preimplant scaffold treatments to mitigate
macrophage response. Efforts in scaffold surface adsorption have
focused on either improving adsorption of desirable molecules or
reducing adsorption of unwanted proteins. Protein adsorption is also
studied as a form of intermediate test between physicochemical eval-
uation and cell-response testing (Jiao et al., 2009; Jiao, Liu, Shao, &
Zhou, 2012; Leong et al., 2009; Manso, Valsesia, Ceccone, & Rossi,
2004; Sarapirom, Yu, Boonyawan, & Chaiwong, 2014). Protein adsorp-
tion techniques are more commonly used on scaffolds of other poly-
mers, such as poly(ethylene glycol), but PLGA and other aliphatic
polyesters have seen viable modifications, often facilitated by prelim-
inary surface treatments.

Protein adsorption studies with aliphatic polyesters have contrib-
uted to better understanding protein-surface interactions and their
influence on cell response to a biomaterial. For a concise assessment
of protein interactions with biomaterial surfaces, we suggest two
reviews by Szott and Horbett (2011a, 2011b). Rabe, Verdes, and
Seeger (2011) provide a more extensive review of the general

phenomenon.
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Protein adsorption is moderated by external factors, such as solu-
tion pH, temperature, ion concentration, and buffer composition (Rabe
et al., 2011). Adsorption also depends on the properties of both the
protein itself and the material to which it adsorbs. Controllable factors
for the material include surface energy, polarity, charge, and morphol-
ogy. Proteins, except for glycoproteins, generally see increased
adsorption on hydrophobic surfaces. This results from most proteins'
tendency to form an amphiphilic interface between the hydrophobic
surface and the aqueous solution.

When studying protein adsorption, one must consider that pro-
teins are not simple molecules, and the adsorption process may sig-
nificantly change protein activity. Protein bioactivity can be tested
using cell response to protein-adsorbed surfaces with and without
targeted antibody treatment, as demonstrated by Qin et al. (2005)
on tenocytes' increased binding to fibronectin- and collagen-coated
PLGA surfaces, with integrin-binding-site antibodies nullifying the
effect.

Researchers have compared the effectiveness of protein adsorp-
tion techniques with other common surface modification methods,
such as covalent cross-linking. Results vary on their advantageous-
ness. Bosetti et al. (2014) showed that polypeptide grafting reduces
protein adsorption, and although fibronectin- and laminin-adsorbed
scaffolds saw greater cell adhesion and proliferation than unmodified
scaffolds, grafted polypeptides were far more effective. However, X.
B. Yang et al. (2001) demonstrated that adsorbed fibronectin
exceeded poly(L-lysine) (PLL)-grafted arginine-glycine-aspartic acid
(RGD) in promoting cell spreading, even with both techniques at opti-
mized concentration. This dissonance may be due to confounding fac-
tors such as unlinked PLL disrupting cell-surface interactions, but the
optimized fibronectin-coated surface demonstrated comparable
results to the positive control, tissue culture polystyrene.

Kakinoki and Yamaoka (2010) proved that adsorption of collagen-
like synthetic polypeptides supported neurite outgrowth on PLA films.
However, in a comparison of bulk, adsorption, and covalent binding
techniques for laminin on PLLA, H. S. Koh et al. (2008) found the bulk
modification to be the simplest and most successful in peripheral
nerve regeneration. Continued study of protein adsorption in context
and comparison with other scaffold treatment methods is needed to
qualify its usefulness, especially regarding in vivo immunogenic
response.

Several groups have studied protein adsorption changes when
other bioactive particles are introduced, drawing connections between
biomolecule presence, protein adsorption, and cell adhesion, prolifera-
tion, and differentiation. Jiao et al. (2009) grafted chitosan to a PLLA
surface and then observed fibronectin and generic protein adsorption
and desorption kinetics using radiolabeled proteins, confirming the
competitive nature of protein adsorption on polymer surfaces and
concluding that although protein adsorption alone can give some indi-
cation of biological response to a surface, it cannot accurately dictate
a cell's reaction to the surface.

Li et al. (2012) created nanospun fibers from PCL with and without
hyaluronan to characterize its effect on protein adsorption, concluding

that the presence of hyaluronan decreased in vivo nonspecific protein

adsorption, reducing immunogenic response to the scaffolding bioma-
terial upon implantation. PLLA scaffolds surface modified with
hyaluronan, heparin, or chondroitin sulfate exhibited reduced protein
adhesion in serum and increased cytocompatibility (Jiao et al., 2012).
However, bulk hydroxyapatite incorporation on PLLA facilitated
increased adsorption of relevant ECM proteins and peptides, which
in turn supported increased cell density (Woo, Seo, Zhang, & Ma,
2007). Biochemical analysis of the integrin expression from cells on
hydroxyapatite-loaded surfaces linked the enhanced adsorption of
adhesion proteins to suppression of apoptosis.

Plasma treatments, topographical modifications, and surface
charge manipulation modify protein adsorption rates and specificity.
Although plasma treatments alone improve cell adhesion, a coating
using fibronectin-rich serum prior to seeding significantly assisted in
cell proliferation and differentiation (Brown et al., 2005; Yildirim
et al., 2010). Scaffolds with fibronectin serum and no prior plasma
exposure exhibited results averaging between the control unmodified
scaffold and plasma treatment with no fibronectin, suggesting that the
plasma treatment and fibronectin adsorption have a cooperative or at
least nondestructive relationship. Scaffolds without plasma treatment
saw higher protein adsorption, presumably due to higher hydrophobic-
ity, but this was not necessarily advantageous in terms of cell
response. Using ammonia plasma on PLA decreased in vivo protein
adsorption, confirming in vitro observations and arguing for an
increase in cellular binding due to a reduced surface energy barrier
and the presence of amine groups (Sarapirom et al., 2014). As an alter-
native to common basic and plasma-facilitated protein adsorption, H.
Zhu, Ji, and Shen (2004) demonstrated protein adsorption potential
using positively charged surface layers and gelatin. Gelatin content
increased linearly with number of charged bilayers, and chondrocyte
viability increased significantly over the control surface.

Exposure to specified serums affects protein adhesion and subse-
quent cell response. A specially designed serum for protein deposition,
named growth factor-rich plasma, caused tenocytes cultured on
treated polymer weaves to adhere, proliferate, and develop a greater
fibrin matrix than serum-treated and untreated scaffolds (Visser
et al., 2010). Proteins adsorbed from osteogenic cell-conditioned
media also supported stem cell growth and differentiation (Lin, Chang,
Hung, Lee, & Lin, 2017). Mohan et al. (2017) studied fibrinogen,
bovine serum albumin, and immunoglobulin coatings on PCL scaffolds
for their interactions with primary endothelial cells in vitro. Fibrinogen
produced better metabolic activity and cell spreading than other treat-
ments, whereas immunoglobulin reduced cell metabolism and distribu-
tion. Mei et al. (2005) correlated 3D PCL scaffold chitosan adsorption
efficiency to pore size, with rates varying nearly linearly from 40- to
125-micron pore sizes. Subsequent cell-based analysis demonstrated
that adsorbed chitosan improves fibroblast adhesion and proliferation.

A particularly insightful study by Chastain, Kundu, Dhar, Calvert,
and Putnam (2006) shows how generalizing assumptions about mate-
rials and modifications may have unintended consequences. This
study confirmed that PLGA and PCL adsorb fibronectin and
vitronectin at different ratios in serum-based media, and those differ-

ences affect the osteogenic differentiation profile of adherent MSCs.
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Although the addressed studies validate the basic usefulness of
protein adsorption in scaffold biomimetics, questions remain on the
mechanisms by which these treatments interact with adherent cells.
Tests with highly specified media without generic serum should allow
further in vitro discoveries, and greater study of immunogenic
response to these treatments may provide new criteria for biomimetic

necessities.

4 | MINERAL DEPOSITION

Mineral-based surface modification contributes primarily to bone tis-
sue engineering as a method for introducing calcium phosphate struc-
tures to scaffolds without altering bulk properties of the underlying
biomaterial. Mineral-ion deposition occurs through nucleation of inor-
ganic crystalline particles onto scaffold surfaces from ion-rich solution.
This approach uses simulated body fluid (SBF) and its derivatives to
produce hydroxyapatite-like nodules on scaffold surfaces.

The use of SBF as a mineral coating technique began with Kokubo,
Kushitani, Sakka, Kitsugi, and Yamamuro (1990) subjecting bioglasses
and ceramics to ionic solutions to produce biomimetic substrates.
SBF mimics the ion concentrations in interstitial fluid, especially the
mineral components required for bone formation. Originally devel-
oped to utilize the surface properties of bioglass for apatite deposition
(Hata, Kokubo, Nakamura, & Yamamuro, 1995; Li et al., 1992), the SBF
coating technique has transferred to several scaffolding substrates
including titanium (Tas & Bhaduri, 2004), collagen (Al-Munajjed et al.,
2009), silk (Lin et al., 2008), and polyesters (Table 1).

The relevance of hydroxyapatite and other bone-like minerals has
been studied primarily through bulk modification techniques (Lee,
Rim, Jung, & Shin, 2010; Nyberg, Rindone, Dorafshar, & Grayson,
2017; Rezwan, Chen, Blaker, & Boccaccini, 2006; Wang, Cui, & Bei,
2005). Because calcium phosphate takes forms of varying complexity,
bulk materials provide a convenient method of studying their effects
in tissue engineering. However, bulk modifications also significantly
affect mechanical properties of the scaffold, usually increasing hard-
ness and brittleness (Rodriguez, Dias, d'Avila, & Bartolo, 2013). They
also require more specialized manufacturing techniques because the
crystalline particles degrade typical polyester 3D printing and molding
devices. These shortcomings, coupled with the previously discussed
general advantages of surface modification and the translatability of
SBF across material types, suggest a forthcoming increase in surface
modification studies for scaffold mineralization.

SBF formulations for polyester scaffolds began in the early 2000s
and have advanced over time to accelerate precipitation rate and
improve cell response to the resulting calcium phosphate layer
(Table 1). Hydrolysis pretreatment of PLLA allows critical development
of hydroxyapatite on interior surfaces of PLLA scaffolds, whereas
untreated scaffolds only exhibit precipitation on the outer surface
(Jiao et al., 2007). The slow formation of hydroxyapatite from tradi-
tional SBF over multiple weeks prompted efforts to increase mineral
concentrations and accelerate the precipitation process. Modified

SBF solutions with 10 times the natural ion concentration (10x SBF)

have seen increasing use due to their ability to induce homogeneous
deposition in as little as two hours.

Beskardes and Guimdisderelioglu (2009) noted that apatite nucle-
ation sites formed via 6-hr incubation of 10x SBF enhanced differen-
tiation of MC3T3 cells, whereas 24-hr treated surfaces developed
larger calcium phosphate microparticles that provided a lesser differ-
entiation stimulus to cultured cells. The authors believe this to be a
result of the 6-hr precipitates contributing both calcium phosphate
chemistry and nanotopography to the cell-surface interface. Yang
et al. (2008) used 10x SBF to coat PCL nanofiber meshes. They dem-
onstrated that 2-hr incubation induced mineralization, whereas 6-hr
incubation led to such extensive precipitation that porosity was lost.
They also concluded that the coating treatments improved scaffold
hydrophilicity. However, their evaluations are limited to physical and
chemical tests, suggesting that the material may benefit from more
refinement based on cell response. In contrast to the results obtained
by Yang et al. (2008), Mavis et al. (2009) indicated only mild reduction
in the porosity of PCL nanofiber scaffolds at 2- and 6-hr of 10x SBF
immersion. Mavis et al. (2009) also thoroughly addressed cell response
to the modified scaffolding, confirming increased cell proliferation and
differentiation on both 2- and 6-hr SBF-treated scaffolds compared
with pure PCL. In evaluating both the material properties and cell
response of varying treatments, Mavis et al. (2009) provide a highly
compelling argument for the relevance of SBF apatite coatings in bone
tissue engineering scaffolding.

Recent work with SBF focuses on refined control of the deposited
layers and their chemical and physical interactions with other biomol-
ecules and cells. Zhao, Lemaitre, and Bowen (2017) describe interac-
tions of SBF-coated biomaterials with proteins. By varying ion ratios
in SBF, Choi and Murphy (2012) control the morphology of deposited
apatite, from spherulitic to plate-like to net-like, with minor changes in
deposited calcium phosphate ratio, crystallinity, and dissolution rate
(Figure 4). Mineral micromorphology had a direct influence on stem
cell response, with spherulitic surfaces causing the greatest improve-
ment in cell attachment and expansion.

Suarez-Gonzélez et al. (2011) used SBF-based mineral coatings as
controlled release factors for VEGF and BMP2. Both proteins have
known binding properties with hydroxyapatite, but Sudrez-Gonzélez
et al. (2011) used varying bicarbonate anion concentrations in their
SBF solution to produce mineralization that degrades at different
rates, dictating the release kinetics of the bound proteins. Lee et al.
(2014) expanded on the technique of protein binding to hydroxyapa-
tite surface coatings, immobilizing a fibronectin-osteocalcin fusion
protein and acquiring in vitro and in vivo results. The biomimetic pres-
ence of bulk-modified gelatin and surface-modified hydroxyapatite
and fibronectin on a PCL backbone facilitated adhesion, proliferation,
and osteogenic differentiation, with the inclusion of the surface-teth-
ered fusion protein significantly improving response both in vitro and
in vivo. Lee's study represents one of the most thoroughly designed
and specialized implantable biomimetic scaffolds using surface
mineralization.

Although mineral deposition may appear specifically appropriate

for bone and cartilage tissue engineering, the liquid-solid ion

85UB017 SUOLUWIOD BAe8ID) 8|eolidde 8y Aq pausenob 82 Sejolife O ‘88N 0 S3|nJ 104 ARIQIT BUIUO A8]IM UO (SUORIPUOD-PUR-SWLBYLIOD" AB] 1M AReIq1[Bu|UO//SURY) SUORIPUCD PUe S L 8U3 885 *[5202/60/2Z] U0 Afeiqiauliuo A8|im ‘AsieAIUN 8IS BpLoI4 AQ 6582 WHBIZ00T OT/I0p/wioo™A8 1M Aelq1juluo//:Sdny Woiy papeojumod ‘8 ‘6T0C ‘S00.LZE6T



19327005, 2019, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/term.2859 by Florida State University, Wiley Online Library on [22/09/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
&
Q
4
>
o
[an)
I
9
o ‘uolje|nwuoy [esidojoisAyd [eul3Lo wody spusuodwod 4gS JO UOoleljuaduod Ul 98ueyd plo4,
*10308} YIMO0IS [BI[9YI0PUD JBINISBA ‘4DHJA DPIXOIP UO0DI|IS TOIS ‘PIN|S APOq pajejnwis ‘4gS ‘S||92 wajs [ewAyduasaw
Azewiud paALIsp-1el ‘OSIAM (p1oe d11oel-1)Ajod ‘y1d (p1oe 21102A|3-02-pide 2132e)) Ajod ‘YD1 (suojoejoided-3)Ajod “JDd ‘UaBAX0 CQ ‘OpIx0IpAY WNIPOS ‘HOEBN :aul |[92 J0sindaid 1Se|q0a)S0o eleA[ed asnow ‘€] DA
{192 Wials |eWAYDUSSIW UBwNY ‘DS|AY ‘ul130ad UOISNY UID[E209350-UlDauU0Iql ‘NDO-N4 P|04eds |euoisuswip-aa.y3 uljepow uoiisodap pasny ‘s INQH ‘g-uiejoid di3auadoydiow auoq ‘ZdIAg :SuoieinIqqy
juawiealysod
uolje1juda4Ip 21us8033S0 pue uopdiospe uiajoud ysaw Jaqu4 (xT) sAep ¢ +
uojsaype |22 wa3s paAoIdwll WYsAs [eoesIaqulolq padueApY uoisny NDO-N4  pud|q uiea3-10d JSM (x2) shep 17 10d xT ‘xg (#T02) B3 997 'H T
(xg-2)
‘asuodsal ||92 3uioayje sawidad |edi3ojoydiow shep ¢ +
SAIDURSIP pajeald SUOljelleA UOeIUSduUOod pue oljel uol 4g9S juswieanaid HoeN w4 JSINY (x2) shep ¢ VOl xG-¢ (cT02) Aydini 3 1oyD
juawiealyysod
9ses|aJ 1032} YiMou3 pauleisns uondiospe zdiAg pue (TTOZ 'le 32
sunowoud ‘4D3A pue ZdNg PUnog spjojjeds pajeod-4g9s  49IA Jusuwieantaid HOeN aec sis SUON shep / 12d xC 29]¢Zu09-zaJeng
(6002) >e|0d 3 ‘znpuno
sjuawjealyasd Joj pasu ayj parowal ysaw Jaquy ‘nj3o1@49pSnwing
SuOIjeIUIDU0D djeuoqJed pue ajeydsoyd ul sadueyd) QUON undsoJ309|3 S1EDN YGT ‘99T 10d x0T ‘Sepwag ‘sIneiN
SIS9U9309350 pue uoljesaijold (6002) nj3o1IapsSnwing
192 399}4e 49S UM spouad Suieod Jy-7g pue -9 SUON w4 €LEON Y 2 ‘9 12d x0T 3 Sop.exsag
Wiy ‘Ysaw (800¢) uasuer
ain3onJ3s snodod ||e 3s0| uoieqnaul 4gS x0T 44 9 juswieasyaid ewseld uo8ly  Jaquy undsouids|3 UON Iy 9-2 10d xT ‘x0T R ‘D|OM ‘SBuej 4
uopnjos 4gs wo.y uonendidaid wyy ‘ae (£002) noyz
saseaJdul AjpAnejiuenb juawjeallaid SISAjoIpAH juswieasyaud HOeN payoes|-usadolod SUON skep 12 ‘vT ‘L v11d xT R ‘i) ‘ni ‘oelr
Sp|04Jeds 1Dd Uo JaAe) juswjeasyaid Suiddip uol
3)i3ede 91|-2U0q B JO UOIEWIO) PIASILIE JudUReal} 495 Jusuneanaid HOEN Wi ‘ae Wad 3UON S R74 12d <1 (5002) e 32 aueAO
Sp|04Jeds 1D Uo JaAe| juswgjeasyaid Suiddip uol
9)13ede 9)1]-2u0q B JO UOIIeULIO) PaASIYDE Juswieal} 49S Quawieasyald ewseld ¢O wyy ‘as ma4 SUON 1 vz 10d xT (5002) ‘Ie 1@ sueAQ
OAIA Ul pUB OJ}IA Ul
asuodsau |ed180jo1q parosdwi Suijeo)) “aji3edeAxolpAy Juswieasyaud
0} Je|lwis dJe SOljeJ UOI pue 24nJoNJls [esaulw payisods@  €QOIS ‘Juawieanaid HOeN ae Wa4 JSY shep T 10d xG'T  (£0O0T) IND 9 ‘N1 “Buooy)
3 nsaJ Jolej juswieal) jeu Py 2inonais pjojjeds adAy 9D  pouad Suneo)  |eusjew ERIVEYETEN|
>~ aseg
58]
- Sp|oJJeds ua3saAjod onjeydije uo s3uileod |essulw piny Apoq pajeinwis T 31dv.L

1282




RICHBOURG ET AL.

(a) [PO>V[PO&*Tin biood piasma (Ca?*/PO43 ratio)

[Ca?*)/[Ca®*]inbiood plasma

(b) Morphology

Spherulitic

[Ca?*] and [PO,]

Ca?*/PO,* ratio

25x(2)

33%:(1.5) 5x (1)

) Plate-ike sy  Net-like

FIGURE 4 Scanning electron micrographs relate simulated body fluid (SBF) ion concentration to surface topography. Scale bar = 10 um. Inset
scale bar = 1 um. The deposited mineral composition remains similar, suggesting the solution concentration primarily affects structure, with
ratio-dependent transitions from spherulitic to plate-like to net-like. Importantly, cell adhesion rates were highest on the spherulitic structure.
Previous publications in SBF coating techniques increased ion concentrations to accelerate precipitation without addressing effects on surface
morphology. Reproduced from (Choi & Murphy, 2012) with permission from The Royal Society of Chemistry [Colour figure can be viewed at

wileyonlinelibrary.com]

exchange and the ability to bind with various proteins through inor-
ganic interactions suggest the possibility for applications in other areas
of tissue engineering such as controlling calcification in nonbone tis-
sue. For further discussion of mineral deposition and SBF, we suggest
the review of K. Shin, Acri, Geary, and Salem (2017).

5 | FUNCTIONALIZATION

The surface of basic PLA, PLGA, and PCL scaffolds are functionally
inactive, with their only noncarbon or hydrogen element, oxygen, used
to create the polyester bond. Techniques that modify the chemical
properties of a scaffold often require presence of a functional group,
such as amines, carboxylic acids, or thiols on the surface. These groups
provide direct bioactivity for cell binding, or they can be used to cross-
link larger polypeptides, whole proteins, glycosaminoglycans, or other
targeted molecules. This section will discuss methods for introducing
functional groups to the surface and their varying effects on cells
and subsequently tethered biomacromolecules. Common methods
for functionalizing surfaces include plasma deposition, physical entrap-
ment of small functional molecules, aminolysis, and hydrolysis.

In plasma-enhanced chemical vapor deposition (PECVD), ionized
gas particles react rapidly with the surfaces of polyester films and scaf-
folds. For tissue engineering applications, PECVD adds functional
groups to the surfaces of polymeric scaffolds to improve biocompati-

bility or to covalently bind bioactive molecules.

Primary factors affecting PECVD are the plasma composition,
exposure time, and generator power (Chim, Ong, Schantz, Hutmacher,
& Agrawal, 2003; Jorda-Vilaplana, Fombuena, Garcia-Garcia, Samper,
& Sanchez-Nacher, 2014). Although quantitative analysis of exposure
time and generator power are beyond the scope of this review, we
briefly asses the qualitative effects of plasma composition on func-
tional group formation for their applications in tissue engineering scaf-
fold modification.

Oxygen plasma treatment produces hydroxyl, carbonyl, and car-
boxyl group enrichment (Chim et al., 2003). Ammonia plasma is used
more frequently than oxygen plasma because it results in chemically
distinct terminal amine groups that improve cell adhesion and provide
convenient sites for subsequent cross-linking (Table 2). Nitrogen and
argon gases behave as etchants, pretreatments for sterilization or rad-
ical creation, and carriers for other gas or solid targets (Table 2).
Finally, air-based plasma is used as a cost-effective, nonspecific sur-
face activator (Table 2).

Although PECVD is highly effective in modifying flat surfaces,
results vary on its effectiveness in modifying interior surfaces of
3D polymer scaffolds. Hu et al. (2003) established that the ammonia
plasma reaction occurred inside porous scaffolds, but the reaction
rate inside scaffolds was much slower than that on uncovered sur-
faces. Seo et al. (2013) used helium plasma treatment to promote
fibronectin adsorption on the interior surfaces of a 3D electrospun
PLLA scaffold, with effective penetration increasing over 10 min of

plasma treatment.
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Similar to PECVD, sputter coating of aliphatic polyester scaffolds
uses plasma and a titanium oxide or hydroxyapatite target. Sputter
coating of titanium oxide on PLGA films significantly increases hydro-
philicity and improves human dermal fibroblast adhesion and prolifer-
ation under standard culture conditions (Ryu et al., 2005).

Titanium oxide sputter coating on PCL microfiber scaffolds
increased oxygen and titanium surface presence, and cell density
increased with treatment time up to 6 min, but 9 min produced signif-
icant cytotoxicity (Barbarash et al, 2016). Hydroxyapatite sputter
coating on PLLA and PCL films created a surface with increased wet-
tability and nanotopography (Bolbasov et al., 2014). Human hybrid
endothelial cells saw enhanced attachment. A subsequent study by
an associated group confirmed calcium phosphate deposition using
X-ray fluorescence and demonstrated increased bone marrow stem
cell viability on the treated scaffolds (Tverdokhlebov et al., 2015).
However, sputter coating has severely limited penetration in 3D struc-
tures, so it is less viable than PECVD or other methods for surface
modification of complex scaffolds.

Predating plasma treatments in surface functionalization is the use
of wet chemistry to replace ester bonds with functional groups near
the surface. Wet treatment causes hydrolysis or aminolysis, depending
on the resulting functional group. As with PECVD, amines provide a
more distinctive target for subsequent cross-linking.

Aminolysis is often performed using 1,6-hexanediamine or
ethylenediamine (Table 2). Janorkar, Fritz, Burg, Metters, and Hirt
(2007) used ultraviolet-assisted wet chemical functionalization with
4,4'-diaminobenzophenone to create branching architectures of pri-
mary amines on the surface of PLLA, increasing surface amine concen-
tration with subsequent grafting iterations. Fibroblast viability and
density increased with amine concentration. Similar increases in cell
attachment and proliferation occurred using plasma-induced amine
groups (Cheng et al., 2017).

Unlike aminolysis, hydrolysis occurs naturally through exposure to
air and water but can be accelerated using etching solvents as
described in the topographical modification section. Due to the ubig-
uity of hydrolysis in aliphatic polyesters, it is not optimal for controlled
modification but often serves as a precursor for general coatings
because it tends to increase the overall reactivity and roughness of
the surface.

In addition to plasma deposition and wet chemistry, physical
entrapment of small functional molecules serves to functionalize scaf-
fold surfaces. Partial solvation entrapment of primary amine-rich
poly(e-Cbz-lysine) supports subsequent cross-linking of bioactive mol-
ecules in 3D PLLA scaffolds (Alvarez-Barreto et al., 2007; Alvarez-
Barreto et al., 2011; Alvarez-Barreto & Sikavitsas, 2007). Entrapment
via partial solubilization and reformation of the surface provides an
alternative functionalization approach without the penetration restric-
tions of plasma treatment or the degradation effects of aminolysis and
hydrolysis. However, it is dependent on the liquid-solid interface
behavior of the small functional molecules and highly susceptible to
hydrophobicity and solubility. The partial solubilization technique
developed by Alvarez-Barreto et al. is also prone to nonspecific incor-

poration of undesirable residues during the reformation phase.

Although this approach holds promise as a surface modification tech-
nique, it requires further study to compare its effectiveness to plasma
deposition and wet chemistry modifications.

Although functionalized surfaces directly affect cell response, most
functionalized surfaces are used as intermediates in the most
advanced and diverse group of surface modifications, biomolecule
immobilization. Functionalization methodology controls several
aspects of biomolecule immobilization, including which functional
groups are present for cross-linking, the density of functional groups
on the surface, and the patterns of the groups on the surface.

6 | BIOMACROMOLECULE CROSS-LINKING
AND ENTRAPMENT

Biomolecule immobilization techniques semipermanently incorporate
larger bioactive molecules into a surface, from short bioactive poly-
peptides to ECM proteins, enzymes, and antibodies. Although stable
and repetitive molecules like collagen and glycosaminoglycans can be
immobilized using direct entrapment methods, most
biomacromolecules must be cross-linked to the surface using mild
chemical reactions that do not alter intrinsic properties such as protein
conformation. Because biomacromolecules vary widely in function,
this surface modification group represents the greatest diversity in
effects on cell response, and it is the most commonly used surface
modification group in tissue engineering biomaterials design (Baldwin
& Kiick, 2010; Goddard & Hotchkiss, 2007). Full discussion of this
group of surface modification techniques exceeds the scope of this
review. Notably, significant recent advances have been made in poly-
phenol and polydopamine coating systems (Lee et al., 2018; Xu, Neoh,
& Kang, 2018).

As with the functionalization through entrapment described pre-
viously, direct entrapment uses a solvent/nonsolvent mixture to
swell the surface of the material before addition of the desired mol-
ecule in excess nonsolvent solution. Cui and colleagues used 70%
acetone in water solution followed by aqueous gelatin or chitosan
solution to entrap bioactive gelatin and chitosan molecules on the
surface (Cui et al., 2003; Cui et al., 2003). As a positive control, both
molecules were immobilized using hydrolysis and cross-linking.
Chemical analysis confirmed the effectiveness of all modifications.
For both ECM molecules, direct entrapment was as effective in pro-
moting chondrocyte cell adhesion, proliferation, and functionality as
the cross-linking technique.

In a similar study, gelatin was entrapped on PLLA films using diox-
ane and water partial solvation (Liu, Won, & Ma, 2005). An adsorbed
gelatin control demonstrated the comparative longevity of entrapped
molecules because the control lost gelatin content with subsequent
washings and the entrapped gelatin remained. Both the adsorbed
and entrapped gelatin was cross-linked to itself on the surface using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide ~ (EDC) and n-
hydroxysulfosuccinimide (NHS). Entrapped gelatin content increased

with an increased dioxane to water ratio and with longer incubation
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FIGURE 5 Potential hydrogel-derived responsive surface modifications [Colour figure can be viewed at wileyonlinelibrary.com]

periods. The entrapped and cross-linked gelatin coating resulted in sig-
nificantly increased seeding efficiency and proliferation over controls.

In addition to improving cell response, direct entrapment can
reduce cell interaction with a surface. Quirk, Briggs, Davies, Tendler,
and Shakesheff (2001) and Quirk, Davies, Tendler, and Shakesheff
(2000) used a 2,2,2-trifluoroethanol/water solvent/nonsolvent mix-
ture to entrap poly(ethylene glycol) (PEG) and PLL on a PLA surface.
In studying cell response to the engineered surfaces, they achieved a
95% reduction in attachment of bovine aortic cell to PEG-treated sur-
faces. Surfaces treated with a combination of PEG and PLL cross-
linked to RGD exhibited intermediate cell attachment. The 2,2,2-
trifluoroethanol solvent has also been used to directly entrap heparin,
resulting in PLA with increased blood compatibility (Meng, Wang, Cui,
Dong, & Yu, 2004).

Cross-linking of biomolecules to a surface covalently binds a
desired molecule using a pendant functional group. In practice, termi-
nal amines on the surface are often cross-linked using glutaraldehyde
(Table 2). Terminal carboxylic acids and other products of hydrolysis
use EDC with and without NHS, although EDC and NHS can also be
applied in reverse to cross-link primary amine groups (Table 2).

Other cross-linking techniques increase specificity, resulting in
alternative functionalization methods, cross-linker-level density and
pattern control, and binding of less-stable target molecules. To
cross-link entrapped amine groups to thiol available on a bioactive
RGD-cysteine polypeptide, Alvarez-Barreto et al. used succinimidyl
3-(2-pyridyldithio)propionate, a cross-linker with an intrinsic spacer
arm to extend the target molecule from the material surface (Table 2).
The amine-thiol cross-linking approach provided a highly specific con-
jugation and kept the cross-linking process from affecting the bioac-
tive RGD sequence of the polypeptide. When functionalization is
initiated using argon plasma to create active radicals, cross-linking is
initiated using ultraviolet light and acrylic acid or 2-aminoethyl-meth-
acrylate to produce carboxylic acid groups prior to EDC cross-linking
(Table 2). As research in cross-linking chemistry and surface
functionalization proceeds, opportunities will arise to create surfaces
capable of binding multiple different bioactive molecules in useful pat-

terns and varying frequencies, better simulating natural ECM and

reflecting the current trends in advanced tissue engineering hydrogel
design.

Ultimately, the function of immobilizing bioactive molecules
depends on the added molecule. Previously published reviews summa-
rize the utility of binding many different bioactive molecules to scaf-
folding materials. Many studies immobilize gelatin as a simple,
reliable proof of concept for improved cellular response. Gelatin
immobilization has been demonstrated on PLLA, PCL, and PLGA, con-
sistently resulting in increased cell adhesion and proliferation while
maintaining phenotypic activity for preosteoblasts, endothelial cells,
and chondrocytes (Table 2). In addition to gelatin, structural ECM mol-
ecules are often immobilized, including collagen, fibronectin, chitosan,
heparin, and active subunits of these molecules, such as the integrin-
binding polypeptide RGD (Bellis, 2011; Quirk, Briggs, et al., 2001;
Table 2). These molecules behave as passive biomimetic signaling for
cells, promoting cell adhesion, proliferation, and occasionally differen-
tiation with varying effectiveness based on cell and tissue type. In
addition to these common target molecules, PEG, PLL, vascular endo-
thelial growth factor, and antibodies have been covalently bound to
aliphatic polyester surfaces (Table 2). These modifications produce
more specific cell responses than incorporation of ECM molecules,
such as directed differentiation with growth factors, specific cell-type
binding with antibodies, and overall increase or decrease of cell
attachment using PEG and PLL, respectively.

7 | CONCLUSION

Surface modification of aliphatic polyester tissue engineering scaffolds
creates biomimetic surfaces with improved cell response compared
with unmodified aliphatic polyesters surfaces. Aliphatic polyesters
are an important group in tissue engineering surface modifications
due to their safety for biological study, consistent properties, and
widespread availability. Due to the diversity of surface modification
techniques that have been developed, this review describes five prom-
inent classes for modification types so more advanced surfaces can be

developed through an improved understanding of the effects of the
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various modifications and the ways the different methods can be use-
fully combined. Topographical modifications change the surface phys-
ically to increase surface area and provide nonchemical cues. Protein
adsorption techniques alter how native proteins interact with the sur-
face, affecting immune response and mechanisms of cell attachment.
Mineral deposition introduces inorganic moieties to the surface, pro-
moting osteogenic and chondrogenic differentiation. Functionalization
activates the surface for increased biological interaction or cross-
linking sites by creating terminal functional groups. Biomolecule
immobilization binds ECM molecules, growth factors, and antibodies
to the surface, significantly increasing the biochemical activity of the
surface for improved and specific cell response. Although further fun-
damental understanding of the mechanisms of each approach will
improve their efficiency in promoting tissue development, each
approach described here contributes in distinct ways toward creating
biomimetic scaffolds. Furthermore, the trend toward increasing com-
bination of these methods has produced advanced scaffolds with
greater impact in cell response, specific tissue development, and
understanding of cell-material interactions.

To emphasize that the five approaches for surface modification
described in this review summarize the current literature in the field
but do not restrict further innovation, we suggest that another major
approach of hard polymer scaffold surface modification may soon
emerge with significant application. The range of advanced biomaterial
characteristics currently available in hydrogels may translate to novel
scaffold surface modifications (Figure 5). These advanced characteris-
tics include environmentally responsive hydrogels, gels that can pres-
ent varying degrees of surface elasticity, molecularly imprinted
polymers, cellularly imprinted polymers, and more (Clegg, Wechsler,
& Peppas, 2017; Culver, Clegg, & Peppas, 2017; Engler, Sen, Sweeney,
& Discher, 2006; Peppas & Clegg, 2016). Such modifications will pro-
vide opportunities for more finely tuned characterization of cell
responses to properties such as dynamic mechanical moduli and
advanced controlled release of growth factors. However, such combi-
nations of hard polymers and hydrogels will need additional tech-
niques to facilitate stable conjugations and rigorous characterization
to assess their dynamic behavior, possibly explaining why advanced
hydrogel surface modifications have not proceeded significantly past
basic static coatings. We suggest that investigation into advanced
hydrogel surface modification techniques for aliphatic polyester scaf-
folds will expand the array of useful cell-scaffold interactions available

to tissue engineers, supporting improved tissue regeneration.
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