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Abstract

Tissue engineering and regenerative medicine rely extensively on biomaterial scaffolds to support
cell adhesion, proliferation, and differentiation physically and chemically in vitro and in vivo.
Changes to the surface characteristics of the scaffolds 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(e-
caprolactone) are often used in tissue engineering because they provide desirable, tunable
properties such as ease of manufacturing, good mechanical properties, and nontoxic degradation
products. However, cell-surface interactions necessary for tissue engineering are limited on these
materials by their smooth postfabrication surfaces, hydrophobicity, and lack of recognizable
biochemical binding sites. The surface modification techniques that have been developed for
synthetic polymer scaffolds reduce initial barriers to cell adhesion, proliferation, and
differentiation. Topographical modification, protein adsorption, mineral coating, functional group
incorporation, and biomacromolecule immobilization each contribute through varying mechanisms
to improving cell interactions with aliphatic polyester scaffolds. Furthermore, rational combination
of methods from these categories can provide nuanced, specific environments for targeted tissue
development.
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INTRODUCTION

Tissue engineering focuses on the creation of artificial tissues and organs for transplant.
Tissue engineers use cells, biomaterials, biochemical 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.

Research in this area creates scaffolds to grow and sculpt tissues in three dimensions.
Scaffolds used in tissue engineering mimic the natural 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. Natural scaffold biomaterials
include collagen, chitosan, and decellularized tissues. Synthetic biomaterials include
polymers such as poly(lactic 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 polymers are more easily and consistently
reproduced using manufactured specifications. However, they are often hydrophobic and less
accurately 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 spinal 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 mechanically 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 biomimetic scaffolds that provide
biochemical and physical signals mimicking the target microenvironment.

Aliphatic polyesters are a group of synthetic polymers that can provide a viable base
material for scaffolds due to their nontoxic biochemical 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 relatively fast degradation period (2 weeks to 5
months) limits its use in other tissues (Gong & Niklason, 2008; Niklason et al., 1999; Quint,
Avrief, Muto, Dardik, & Niklason, 2012; Seal, Otero, & Panitch, 2001). However, PGA’s
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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(p,L-lactic acid) (PDLLA). In tissue engineering scaffolds, however,
poly(L-lactic acid) (PLLA) is more frequently used. PDLLA forms an amorphous polymer
used in drug delivery, whereas PLLA forms a semicrystalline 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, especially 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, including grafting, adsorption, and plasma treatment.

PLA, PLGA, and PCL have several mechanical and chemical properties 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 techniques 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 properties 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
proliferation 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 applications, 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 gelatin, provide the basic
constituents of ECM, accelerating cell growth and development (Garcia & Reyes, 2005).
Beyond lacking ECM constituents, PLA, PLGA, and PCL contain no bioactive moieties
such as amine and thiol groups that could conjugate with ECM molecules (Figure 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,
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Dellacherie, & Six, 2006; Yang, Leong, Du, & Chua, 2001). Biomimetic approaches in
synthetic polymer scaffold design seek to unite the consistency, manufacturability, 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 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 mechanisms 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 engineering, 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 structure 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 adhesion 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 biomaterial 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 modification changes the entire
biomaterial, even the parts not exposed to cells. Surface modification treatments focus on
changing only the surfaces where cells interact, maintaining the integrity of the material’s
backbone (Ikada, 1994).

Bulk modifications tend to alter structural and mechanical properties, and many require a
complete reevaluation of all the material’s properties. With functional bulk modifications, a
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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 earliest
phases. Once matured and ensconced in appropriate ECM, cells will tend to produce their
own differentiation and growth signals. Surface 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 surface 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 modification (Figure 2). Although each group individually contributes
significantly 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 without changing chemical properties, it is highly translatable across
materials. 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 (Itdl4, 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. Alternatively, basic topographical treatments can be used to
increase hydrophobicity, reducing unwanted cell adhesion (Alves et al., 2009). Advanced
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topographical treatments tend to elicit more specific cell responses, such as directing
mobility and striation or governing differentiation 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.

The simplest approach to aliphatic polyester topographical modification, alkali acid etching,
increases the surface roughness of the scaffold 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 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 madifications (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 controllable macroporosity outperform solid PLLA 3D
scaffolds in both cell proliferation and osteogenesis (Chen, Smith, & Ma, 2006). Similar
scaffolds 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 performed 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 components. When pits were displaced into irregular position, cellular
differentiation 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
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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 chemistry treatments.

Computational studies using high-throughput methods have validated a relationship between
topographical cues and cell response (Unadkat et al., 2011). Machine learning algorithms
discovered a Fourier-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 surfaces and contributed to an understanding of physical
influences on cell fate. Biggs, Richards, and Dalby (2010) further discuss the influence of
nanotopography on cell adhesion with emphasis on the mechanism 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 valued 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 molecules 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 transient
nature of adsorption, effectiveness of these treatments can be challenging to quantify.
Additionally, cell response to adsorbed proteins is difficult to isolate, especially because
cells are regularly cultured 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
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evaluation 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 adsorption techniques are more commonly used on scaffolds of
other polymers, such as poly(ethylene glycol), but PLGA and other aliphatic polyesters have
seen viable modifications, often facilitated by preliminary surface treatments.

Protein adsorption studies with aliphatic polyesters have contributed 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.

Protein adsorption is moderated by external factors, such as solution 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 morphology. 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 proteins are not simple molecules,
and the adsorption process may significantly 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 adsorption techniques with other
common surface modification methods, such as covalent cross-linking. Results vary on their
advantageousness. 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 optimized concentration. This dissonance may be
due to confounding factors 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.
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Several groups have studied protein adsorption changes when other bioactive particles are
introduced, drawing connections between biomolecule presence, protein adsorption, and cell
adhesion, proliferation, 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
indication 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 biomaterial 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 hydrophobicity, 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 alternative
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 subsequent 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 treatments, whereas immunoglobulin reduced cell
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metabolism and distribution. 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 materials 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 differences affect the osteogenic
differentiation profile of adherent MSCs.

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 tissue engineering as a
method for introducing calcium phosphate structures to scaffolds without altering bulk
properties of the underlying biomaterial. Mineral—ion deposition occurs through nucleation
of inorganic 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 developed 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 hardness and brittleness (Rodriguez, Dias, d’Avila, & Bértolo, 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
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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 traditional 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 Giimusderelioglu (2009) noted that apatite nucleation sites formed via 6-hr
incubation of 10x SBF enhanced differentiation of MC3T3 cells, whereas 24-hr treated
surfaces developed larger calcium phosphate microparticles that provided a lesser
differentiation 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
demonstrated 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 biomolecules and cells. Zhao, Lemaitre, and Bowen
(2017) describe interactions 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 improvement
in cell attachment and expansion.

Suérez-Gonzalez 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
Sudarez-Gonzalez 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
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binding to hydroxyapatite surface coatings, immobilizing a fibronectin—osteocalcin fusion
protein and acquiring in vitro and in vivo results. The biomimetic presence 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-
tethered 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 exchange and the ability to bind with various
proteins through inorganic interactions suggest the possibility for applications in other areas
of tissue engineering such as controlling calcification in nonbone tissue. 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 entrapment 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 scaffolds. For tissue engineering applications,
PECVD adds functional groups to the surfaces of polymeric scaffolds to improve
biocompatibility 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-Néacher, 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 functional group formation for their
applications in tissue engineering scaffold modification.

Oxygen plasma treatment produces hydroxyl, carbonyl, and carboxyl 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 radical creation, and carriers for other
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gas or solid targets (Table 2). Finally, air-based plasma is used as a cost-effective,
nonspecific surface 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 surfaces. 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.

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
proliferation 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 significant cytotoxicity (Barbarash et al., 2016). Hydroxyapatite sputter coating on
PLLA and PCL films created a surface with increased wettability 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 structures, 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
primary amines on the surface of PLLA, increasing surface amine concentration 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 ubiquity 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.
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In addition to plasma deposition and wet chemistry, physical entrapment of small functional
molecules serves to functionalize scaffold surfaces. Partial solvation entrapment of primary
amine-rich poly(e-Chz-lysine) supports subsequent cross-linking of bioactive molecules 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
restrictions 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 incorporation of
undesirable residues during the reformation phase. Although this approach holds promise as
a surface modification technique, 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 polypeptides 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 polyphenol and polydopamine coating systems (Lee et
al., 2018; Xu, Neoh, & Kang, 2018).

As with the functionalization through entrapment described previously, direct entrapment
uses a solvent/nonsolvent mixture to swell the surface of the material before addition of the
desired molecule 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 promoting chondrocyte cell adhesion, proliferation, and
functionality as the cross-linking technique.
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In a similar study, gelatin was entrapped on PLLA films using dioxane 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 periods. The entrapped and cross-linked gelatin coating resulted in significantly
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 mixture 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 surfaces. 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, terminal 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 conjugation and kept the cross-linking process from affecting the
bioactive 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-methacrylate 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 patterns and varying frequencies, better simulating natural
ECM and reflecting the current trends in advanced tissue engineering hydrogel design.

Ultimately, the function of immaobilizing bioactive molecules depends on the added
molecule. Previously published reviews summarize the utility of binding many different
bioactive molecules to scaffolding 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, consistently resulting in increased cell adhesion
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and proliferation while maintaining phenotypic activity for preosteoblasts, endothelial cells,
and chondrocytes (Table 2). In addition to gelatin, structural ECM molecules 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 differentiation with varying effectiveness based
on cell and tissue type. In addition to these common target molecules, PEG, PLL, vascular
endothelial 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 prominent classes for modification types so more
advanced surfaces can be developed through an improved understanding of the effects of the
various modifications and the ways the different methods can be usefully combined.
Topographical modifications change the surface physically to increase surface area and
provide nonchemical cues. Protein adsorption techniques alter how native proteins interact
with the surface, affecting immune response and mechanisms of cell attachment. Mineral
deposition introduces inorganic moieties to the surface, promoting 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 fundamental 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 combination 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 characteristics include environmentally responsive hydrogels, gels that can
present varying degrees of surface elasticity, molecularly imprinted polymers, cellularly
imprinted polymers, and more (Clegg, Wechsler, & Peppas, 2017; Culver, Clegg, & Peppas,
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2017; Engler, Sen, Sweeney, & Discher, 2006; Peppas & Clegg, 2016). Such modifications
will provide 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 combinations of hard polymers and hydrogels will need additional
techniques 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 scaffolds will
expand the array of useful cell-scaffold interactions available to tissue engineers, supporting
improved tissue regeneration.
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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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FIGURE 2.
Tissue engineering scaffold surface modification techniques. Mineral deposition subsection

represents hydroxyapatite
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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
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FIGURE 4.
Scanning electron micrographs relate simulated body fluid (SBF) ion concentration to

surface topography. Scale bar = 10 pm. Inset scale bar = 1 pm. 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
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FIGURE 5.
Potential hydrogel-derived responsive surface modifications
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