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Available online 16 July 2017 Cellular responses are highly influenced by biochemical and biomechanical interactions with the extracellular
matrix (ECM). Due to the impact of ECMarchitecture on cellular responses, significant research has been dedicat-
ed towards developing biomaterials that mimic the physiological environment for design of improved medical
devices and tissue engineering scaffolds. Surface topographieswithmicroscale and nanoscale features have dem-
onstrated an effect on numerous cellular responses, including cell adhesion, migration, proliferation, gene ex-
pression, protein production, and differentiation; however, relationships between biological responses and
surface topographies are difficult to establish due to differences in cell types and biomaterial surface properties.
Therefore, it is important to optimize implant surface feature characteristics to elicit desirable biological re-
sponses for specific applications. The goal of this work was to review studies investigating the effects of
microstructured and nanostructured biomaterials on in vitro biological responses through fabrication of micro-
scale and nanoscale surface topographies, physico-chemical characterization of material surface properties, in-
vestigation of protein adsorption dynamics, and evaluation of cellular responses in specific biomedical
applications.
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1. Introduction

Nanotechnology is expected to critically impact the design, develop-
ment, and manufacture of next-generation medical devices. Currently,
nanomaterials are being investigated for use in novel medical applica-
tions, such as diagnostics, medical imaging, drug delivery, cancer thera-
py, tissue engineering, wound healing, and implantable devices.
Examples of nanomaterial-enabled devices include tissue engineering
scaffolds, dental filler materials, wound dressings and catheters with
antimicrobial coatings, in vitro diagnostic kits for pathogens and cancer
biomarkers, biosensors, and imaging contrast agents. Furthermore,
functionalization or modification of medical device surfaces with nano-
technology, by modulating the chemistry to introduce preferred nano-
scale topographies or by physically etching the surface to create
nanoscale features, is being considered to provide enhanced tissue inte-
gration. Nanomaterials offer unique, size-dependent properties such as
large surface area, optical properties, thermal behavior, magnetic capa-
bilities, electrical performance, catalytic activity, and antimicrobial ef-
fects, making them attractive candidates for use in the medical device
industry. For assessment of nanomaterials in biomedical applications,
there are two primary areas of interest: (1) physical and chemical char-
acterization to provide consistency inmanufacturing, performance, and
quality of nano-enabled medical products, and (2) appropriate and suf-
ficient testing approaches to evaluate biological interactions of cells and
tissues with nanomaterials to ensure safety and efficacy.

The two main classes of nanomaterials used in medical applications
are shown in Fig. 1. The most widely investigated group of
nanomaterials includes individually separate, unattached
nanomaterials, referred to as discrete nanomaterials. Examples of dis-
crete nanomaterials (or nano-objects) include nanoparticles, liposomes,
quantum dots, nanotubes, and dendrimers (Fig. 1A) (Re, Gregori, &
Masserini, 2012). Discrete nanomaterials may be high-aspect ratio
structures, such as nanofibers, nanowires, nanorods, and nanotubes.
Low-aspect ratio discrete nanomaterials include nanoparticles of vari-
ous geometries, such as nanospheres, nanocubes, nanoshells, nanostars,
and nanopyramids. The majority of the toxicological research in nano-
technology has focused on discrete nanomaterial systems. The use of
nano-objects (e.g., nanoparticles) in medical applications and their

effects on biological response have been reviewed elsewhere
(Etheridge et al., 2013; Lewinski, Colvin, & Drezek, 2007; Wagner,
Dullaart, Bock, & Zweck, 2006). This review will focus on the second
class of nanotechnology, immobilized surface nanostructures (Fig. 1B)
and their effects on cell—material interactions in medical device
applications.

Immobilized surface nanostructures are imparted on biomaterials
for implantable devices to improve interactions of the device with sur-
rounding tissues. These nanoscale featuresmay be etched, coated, func-
tionalized, and/or hierarchically assembled on a biomaterial surface.
Immobilized nanostructured biomaterials include nanoscale surface
features such as pores, pits, grooves, pillars, electrospun fibers, and
roughness. Examples of medical devices with immobilized surface
nanostructures include cardiovascular stents, orthopaedic joint replace-
ments, and dental implants. These nanoscale surface featuresmay affect
protein adsorption and cell adhesion dynamicswhich are critical in reg-
ulating cell signaling pathways that control cell function; therefore, it is
important to first understand the biomolecular events occurring at the
biomaterial-tissue interface in order to design implant biomaterials to
optimize biological responses.

2. Biomolecular and biomechanical responses of cells to microscale
and nanoscale surface topographies

2.1. Microscale and nanoscale structures of the extracellular matrix

Cellular response is strongly influenced by the surrounding physio-
logical environment through complex interactions with mechanical
forces, biochemical stimuli, and structural components of the extracel-
lular matrix (ECM) (Fisher, Khademhosseini, Langer, & Peppas, 2010;
Flemming, Murphy, Abrams, Goodman, & Nealey, 1999; Greiner,
Richter, & Bastmeyer, 2012; Kriparamanan, Aswath, Zhou, Tang, &
Nguyen, 2006; Martinez, Engel, Planell, & Samitier, 2009; Yim &
Leong, 2005). The three-dimensional (3D) architecture of the ECM in-
cludes interwoven fibrillar proteins (e.g., collagens, elastins, fibronec-
tins, and laminins) embedded within a network of proteoglycans
(Alberts et al., 2007; Flemming et al., 1999). Collagens are a family of tri-
ple helical proteins and are the primary fibrous component of the ECM

Fig. 1. Two classes of nanomaterials used in biomedical applications, discrete nano-objects, including nanoparticles (NPs), and immobilized surface nanostructures. (A) Different types of
nanomaterials for biomedical use. Nanomaterials are commonly defined as objects with dimensions of 1–100 nm, which includes nanogels, nanofibers, nanotubes, and nanoparticles
(NPs). Reprinted from Nanomedicine: Nanotechnology, Biology, and Medicine, 8, Re et al., Nanotechnology for neurodegenerative disorders, S51–S58, 2012, with permission from
Elsevier (Re et al., 2012). (B) Representative electron micrographs of immobilized nanoscale surface topographies used in biomedical applications, including nanocrystalline coatings,
nanoporous membranes, lithographically-patterned nanostructures, and nanofibers.
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