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Fig. 18. TOF-SIMS ion images of the Sr-substituted apatite/titanium dioxide coating on
titanium oxide [25]
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soaking medium from plate-like to sphere-like [25]. Jon images obtained from ToF-SIMS
analyses show homogeneous Ca and Sr distributions, indicating co-localization of the Ca
and Sr ions (Fig. 18).

Silicon doped hydroxyapatite coating deposited on titanium oxide has been reported by
Zhang and Xia et al [71, 72]. Similar morphology with biomimetic hydroxyapatite has been
observed (Fig. 19). Cracks are also observed due to the dehydration shrinkage. The coating
thickness was 5-10pm with a shear strength in the order of ~16MPa. The chemical reactions
in the solution could be illustrated as following [71]:

Hz0 +Si0™ — H,Si0%” m
H,5i02 —H* +HSi0 2)
HSIOT —H* +si0F 3)
HPO;"—H* +PO} ()
H* +HCO3; — Hy0 +COy 1 (5)

102"+ £(20-4x-y)PO} +XSI0§ + YOH — Caro(PO, 0. 44510413 OH)
(6)

Silicon was confirmed to exist in the form of SiO44~ groups in biomimetic SIHA coating.
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Fig. 19. SEM surface micrographs of biomimetic SiHA coatings obtained from different
silicon modified Hank's balanced salt solution, (a ) ImM; (b) 5SmM; (c) 100mM.[71]

6. Biological response of biomimetic HA coatings

Calcium phosphate based coatings on titanium implants are now accepted to be suitable for
enhancing bone formation around implants, to contribute to cementless fixation and thus to
improve clinical success at an early stage after implantation [70]. Narayanan and Kim et al
summarized the interface reactions as following five steps [70].

Dissolution of calcium phosphate based coatings,

Re-precipitation of apatite,

Ion exchange accompanied by absorption and incorporation of biological molecules,
Cell attachment, proliferation and differentiation,

. Extracellular matrix formation and mineralization.

The dissolution of HA coating is a key step to induce the precipitation of bone-like apatite
on the implant surface. Because the biomimetic hydroxyapatite coatings have a low degree
of crystallinity and porous structure, their solubility is higher than the for dense
hydroxyapatite coatings deposited with other methods. That is bone expected to be
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beneficial to early bone formation. Otherwise, rough and porous surfaces could stimulate
cell attachment and formation of extra-cellular matrix [73].

The biological benefits/ effects of biomimetic HA [63, 74-76] and the possibilities to use them
as coatings on titanium implants for improving the biological responses have been reported.
However, only a few of the developed ion-substituted and/or ion doped hydroxyapatite
coatings have been tested in vitro and/or in vivo, and the improvement of the biological
response due to ion substitution is thus still just a hypothesis [20, 27, 77-79]. For biomimetic
SiHA coatings on heat treated titanium, Zhang et al reported higher cell proliferation on this
type of deposition, and the bone ingrowth rate (BIR) was not only significantly higher than
for uncoated titanium, but also significantly higher than for biomimetic hydroxyapatite
coated titanium [79].

7. Conclusions

Crystallized titanium oxides induce bone-like hydroxyapatite on its surface, which can be
hypothesized as an important early step for osseointegration. The understanding of
mechanisms behind biomimetic HA depositions on titanium oxide surfaces could therefore
contribute to increased understanding the mechanism of the osseointegration, and also
provide a scientific basis for design and control of biomimetic layers for medical
applications. Deposition of biomimetic hydroxyapatite on titanium oxide surfaces, acting as
a bonding layer to the bone, might improve the bone-bonding ability and enhance the
biological responses to bone anchored implants.
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1. Introduction

In vivo, cells are surrounded by 3D extracellular matrix (ECM), which supports and guides
cells. Topologically, ECM is comprised of a heterogeneous mixture of pores, ridges and
fibers which have sizes in the nanometer range. ECM structures with nanoscale topography
are often folded or bended into secondary microscale topography, and even mesoscale
tertiary topography. For example, ECM of small intestine folds into a 3D surface comprising
three length scales of topography: the centimeter scale mucosal folds, sub-millimeter scale
villi and crypts, and nanometer scale topography which is created by ECM proteins, such as
collagen, laminin, and fibronectin. Techniques such as photolithography, two-photon
polymerization, electrospinning, and chemical vapor deposition have been utilized to
recreate certain ECM topographical features at specific length scales or exactly replicate
complex and hierarchical topography in vitro. Various in vitro tests have proven that
mammalian cells respond to biomimetic topographical cues ranging from mesoscale to
nanometer scale (Bettinger et al., 2009, Discher et al., 2005, Flemming et al., 1999). One of the
most well-known effects is contact guidance, in which cells respond to groove and ridge
topography by simultaneously aligning and elongating in the direction of the groove axis
(Teixeira et al., 2003, Webb et al., 1995, Wood, 1988). It has also been noted that cell response
to biomimetic topography in vitro depends on cell type, feature size, shape, geometry, and
physical and chemical properties of the substrate. Questions such as whether cells respond
to topographical features using the same sensory system as that used for cell-matrix
adhesion; whether the size and the shape of scaffold topography may affect cell response or
cell-cell interaction; whether the ECM topology plays a role in coordinating tissue function
at a molecular level, other than providing a physical barrier or a support; and whether ECM
topography affects local protein concentration and adhesion of cell binding proteins, are
beginning to be answered.

This chapter begins by considering topography of native ECM of different tissues, and
methods and materials utilized in the literature to recreate biomimetic topography on cell
culture substrates and scaffolds. The influence of nanometer to sub-millimeter shape and
topography on mammalian cell morphology, migration, adhesion, proliferation, and
differentiation are then reviewed; and finally the mechanisms by which biomimetic
topography affects cell behavior are discussed.
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2. Topography of native extracellular matrix

The native ECM is comprised of fibrous collagen, hyaluronic acid, proteoglycans, laminin,
fibronectin etc., which provide chemical, mechanical, and topographical cues to influence
cell behavior. Extensive research has been carried out to study the effects of ECM chemistry
and mechanics on cell and tissue functions. For example, ECM regulates cell adhesion
through ligand binding to some specific region (e.g. RGD) of ECM molecules (Hay, 1991);
the strength of integrin-ligand binding is affected by matrix rigidity (Choquet et al., 1997).
Topologically, ECM is comprised of a heterogeneous mixture of pores, ridges and fibers
which have sizes in the nanometer range (Flemming et al., 1999). The ECM sheet with
nanoscale topography is often folded or bended to create secondary microscale topography,
and even a mesoscale tertiary topography. Hierarchical organization over different length
scales of topography is observed in many tissues. For example, scanning electron
microscope (SEM) examination of human thick skin dermis ECM reveals surface
topography over different length scales (Kawabe et al., 1985). The primary topography is
composed of millimeter scale alternating wide and narrow grooves called primary and
secondary grooves, respectively. Sweat glands reside in primary grooves, and
topographically the bottoms of primary grooves are smoother than the bottoms of
secondary grooves. The millimeter size ridges are comprised of submillimeter to several
hundred micron finger-like projections: dermal papillae. The surface of each dermal papillae
is covered by folds and pores approximately 10 microns in dimension. The interstitial space
is composed of dermal collagen fibrils 60-70 nm in diameter forming a loose honey comb
like network. The hierarchical topographies are also seen in the structure of bone, where
bone structure is comprised of concentric cylinders 100 - 500 um in diameter called osteons,
which are made of 10 - 50 pm long collagen fibers (Stevens&George, 2005). The surface
topography of pig small intestinal extracellular matrix, which we are working to replicate in
our lab, also reveals a series of structures over different length scales (Figure 1). There are
finger-like projections (villi) of millimeter to 400 - 500 pm scale, and well-like invaginations
(crypts) 100 - 200 um in scale. The surface of the basement membrane of villi is covered by 1
- 5 pm pores, and approximately 50 nm thick collagen fibers. These observations agree with
what has been reported in the literature (Takahashi-Iwanaga et al., 1999, Takeuchi&Gonda,
2004). On the surface of rat small intestine ECM, the majority of micron-size pores are
located at the upper three fourths of the villi. The pore diameter is larger in the upper villi
than in the lower villi.

The basement membrane is a specialized ECM, which is usually found in direct contact with
the basolateral side of epithelium, endothelium, peripheral nerve axons, fat cells and muscle
cells (Merker, 1994, Yurchenco&Schittny, 1990). The surface of native tissue basement
membrane presents a rich nanoscale topography consisting of pores, fibers, and elevations,
which gives each tissue its unique function. Abrams et al. (Abrams et al., 2000) examined
nanoscale topography of the basement membrane underlying the anterior corneal
epithelium of the macaque by SEM, transmission electron microscopy (TEM) and atomic
force microscopy (AFM) (Figure 2). The average mean surface roughness of monkey corneal
epithelium basement membrane was between 147 and 194 nm. The surface of basement
membrane is dominated by fibers with mean diameters around 77+44 nm and pores with
diameters around 72+40 nm. The porosity of basement membrane is approximately 15% of
the total surface area. The porous structure was postulated to have a filtering function, as
well as provide conduits for penetration of subepithelial nerves into the epithelial layer.
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Fig. 1. Hierarchical organization of different length scale structures on the surface of pig
small intestinal extracellular matrix, after removal of epithelium.

Hironaka et al. (Hironaka et al., 1993) examined the morphologic characteristics of renal
basement membranes (i.e. glomerular, tubular, Bowman’s capsule, peritubular capillary
basement membrane) using ultrahigh resolution SEM (Figure 2). It was demonstrated that
morphologically, renal basement membrane was composed of 6 - 7 nm wide fibrils forming
polygonal meshwork structures with pores ranging from 4 - 50 nm. The observation of
bladder basement membrane ultrastructures showed that the average thickness of bladder
basement membrane is 178 nm with mean fiber diameters around 52 nm. The porous
features were also found in bladder basement membrane, with mean pore diameter around
82 nm and mean inter pore distance (center to center) 127 nm (Abrams et al., 2003). In our
study, it was observed that nanoscale topography of pig intestinal basement membrane was
also comprised of pores and fibers (Figure 2) (Wang et al., 2010). Interestingly, unlilke
corneal, renal, and bladder basement membrane, which often have pores around 100 nm in
diameter, intestinal basement membrane has pores larger than 500 nm. Other than being
perforated with 1 - 5 pm pores, the rest of the intestinal basement membrane surface is
occupied by more densely packed fibers compared with corneal, renal, or Matrigel™
surfaces.

In general, ECM of native tissues possesses rich topography over broad size ranges. Length
scales of topography usually range from centimeter to nanometer, and surface features of
extracellular matrix often follows a fractal organization, consisting of structures comprised
of repeating units throughout different levels of magnification. Most native ECM has
“subunit” topography, such as papillae at the surface of dermal ECM; osteons in bone
tissue; and villi and crypts at the surface of small intestine ECM, whose sizes are around 1
mm to 100 pm. The ECM surface also exhibits rich nanotopography (nanopores, and
interwoven fibrils), created by ECM proteins. The size, density, and distribution of fibrils
and pores are highly dependent on the source tissue (Figure 2) (Sniadecki et al., 2006,
Stevens&George, 2005). Information on native ECM topography provides a rational basis for
surface feature design of biomimetic tissue culture substrates or scaffolds.
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Fig. 2. Nanoscale topography and structure of basement membranes of anterior corneal
epithelium (adapted with permission from Abrams et al., 2000), small intestine, and
Matrigel (adapted with permission from Abrams et al., 2000)

3. Patterned cell culture substrates: fabrication methods & materials

Various methods and materials have been utilized to create 3D cell culture substrates and
tissue culture scaffolds. Depending on desired 3D features as well as chemical and
mechanical properties of the scaffold, a specific fabrication strategy can be selected. There
are four main categories of methods reported in the literature for fabrication of a 3D cell
culture substrate or scaffold: (1) methods resulting in precisely designed regular surface
topographies or 3D features; (2) methods resulting in irregular topographies, such as 3D
fibrils, pores, or simple increased surface nanoscale roughness; (3) methods aiming for exact
replication of 3D feature of native tissue; (4) methods based on naturally derived
biopolymer gels or decellularized ECM.

Micro- and nanofabrication methods, such as photolithography, electron-beam lithography,
two-photon polymerization, microcontact printing and etching, have often been employed
to produce surface features with controlled dimensions and specific shapes (reviewed by
(Bettinger et al., 2009)). Among these techniques, photolithography is the most popular
approach and is often used to generate regular surface features, such as grooves, posts, and
pits. Photolithography, and other micro- nanofabrication techniques are typically fine-tuned
for silicon, silicon oxide, polycrystalline silicon, and other inorganic systems such as
titanium. Therefore, either these inorganic materials, such as silicon or titanium, or organic
polymers replicas of inorganic master molds have been utilized as cell culture substrates to
study the effect of topography on cell behavior (Reviewed by (Bettinger et al., 2009)).
Organic polymers used in this manner include poly (dimethylsiloxane), polystyrene,
poly(methyl methacrylate), polycarbonate, and poly(ethylene glycol), as well as
biodegradable polymers such as poly (e-caprolactone), poly(L-lactic acid), poly(glycolic
acid), and poly(L-lactic-co-glycolic acid). Some more recently developed techniques, such as
multiphoton lithography, are capable of fabricating much more complex 3D topographies
than simple groove, post or pit arrays. For example, it was reported that layer-by-layer
stereolithography was able to create free-form complicated 3D constructs: a layer of 400
mg/ml bovine serum albumin (BSA) was deposited and photocrosslinked by exposed to
patterned UV light, and repeated many times to incrementally build a 3D structure. The
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resolution of multiphoton lithography is around 0.1 - 0.5 um, which is in a similar range as
soft lithography (Nielson et al., 2009).

Electrospinning processes are able to create 3D scaffolds comprised of non-woven fibrous
networks with fiber diameters ranging from tens of nanometers to microns (Liang et al.,
2007). Synthetic polymers, such as polyamides, polylactides, cellulose derivatives, and water
soluble polyethyleneoxide; natural polymers, such as collagen (type I, II, III), elastin, silk
fibrin, and chitosan; and copolymers of either synthetic or natural polymers can be adapted
to eletrospinning processes (Liang et al., 2007). Fiber diameter, morphology, porosity, and
biological properties of electrospun scaffolds can be modified via copolymerization or
adjusting electrospinning conditions. Traditional electrospinning processes are only capable
of creating nanofibers with radom orientations; however, perfectly aligned fiber scaffolds
can be obtained via modification of fiber collection methods (Liang et al., 2007). Techniques
such as fiber bonding (unwoven mesh), solvent casting/particulate leaching, gas foaming
and phase separation/emulsification have been utilized to produce porous scaffolds
(Mikos&Temenoff, 2000). Porous structure allows cells to penetrate into the scaffold and
facilitates nutrient and waste exchange of cells located deep inside of constructs. One fiber
bonding technique creates porous constructs by soaking polymer (e.g., PGA) fibers in
another polymer (e.g., PLLA) solution, evaporating the solvent, heating the polymer
mixture above the melting point, and finally removing one polymer through dissolving in
an organic solution (e.g. methylene chloride). This method can result in a polymer (PGA)
foam with porosities as high as ~ 80% (Mikos et al., 1993a). The solvent casting/particulate
leaching process involves the use of a water soluble porogen. First polymer (e.g., PLLA,
PLGA) is dissolved in an organic solvent (e.g., methylene chloride) and then mixed with
porogen (e.g. NaCl). After evaporating the solvent, the salt crystals inside the polymer/salt
composite are removed by leaching in water, resulting in a porous polymer scaffold. The
pore size and pore density can be controlled by the amount and size of salt crystal (Mikos et
al., 1993b). The gas foaming method utilizes gas as a porogen, where a polymer (e.g., PGA,
PLLA, PLGA) is exposed to high pressure gas (e.g., CO;) for a long period of time (e.g., 72
h), and then the pressure is rapidly reduced to atmospheric pressure, resulting in a polymer
scaffold with porosties up to 93% (Mooney et al., 1996). Phase separation/emulsification
methods create porous scaffolds based on the concepts of phase separation rather than
incorporation of a porogen (Mikos&Temenoff, 2000). For example, Whang et al. (Whang et
al., 1995) dissolved PLGA in methylene chloride and then added water into the PLGA
solution to form an emulsion. The mixture was cast into a mold and freeze-dried to remove
water and methylene chloride, resulting in a scaffold with high porosities (up to 95%) but
relatively small pore size (< 40 pm). In addition to generating fibrillous or porous scaffolds
utilizing techniques such as electrospinning, particulate leaching, and gas foaming; irregular
surface topography can also be fabricated by abrading. For example, Au et al. (Au et al,,
2007) created rough polyvinyl carbonate surface by abrading the surface with 1 - 80 um
grain size lapping paper. The resulting surface had V-shaped abrasions with peak to peak
widths from 3 - 13 pm, and depths from 140 - 700 nm.

Other methods, such as chemical vapor deposition (CVD), conformal-evaporated-film-by-
rotation (CEFR), and deposition in supercritical fluid (Cook et al., 2003, Martin-Palma et al.,
2008, Pfluger et al., 2010, Wang et al., 2005) have been utilized to precisely replicate the
complex and irregular hierarchical topography from a biological sample over several length
scales. Pfluger et al. (Pfluger et al.,, 2010) reported precise replication of the complex
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topography of pig small intestinal basement membrane using plasma enhanced CVD of
biocompatible polymer: poly(2-hydroxyethyl methacrylate) (pHEMA) (Figure 3). A pHEMA
film was generated via introducing a mixed vapor of precursor: 2-hydroxyethyl
methacrylate, and initiator: tert-butyl peroxide, into a CVD chamber to react with a cross-
linker: ethylene glycol diacrylate, when exposed to an Argon plasma. Chemical vapor
deposited pHEMA is able to replicate villus (100 - 200 pm in height, 50 - 150 um in
diameter), crypt (20 - 50 pm in diameter), and pore (1 - 5 um in diameter) structures on the
surface of intestinal basement membrane; the thickness of pHEMA coating is around 1 um.
Cook et al. (Cook et al., 2003) demonstrated replication of the surface features of butterfly
wings using controlled vapor-phase oxidation of silanes. Hydrogen peroxide was
evaporated and reacted with gaseous silane creating silica primary clusters, which have
extraordinary flow properties and are able to creep into small gaps on the surface of a
biological specimen. After the deposition of silica, biological specimen was removed by
calcination at 500°C. This method was able to generate a 100 - 150 nm thick replica, which
reproduced nanometer scale (~ 500 nm) features on the surface of a biological sample.
Martin-Palma et al. (Martin-Palma et al., 2008) created a 0.5 - 1 pm thick chalcogenide glass
(GexsSb12Gegp) replica of fly eyes using oblique angle deposition (OAD) technique while
rapidly rotating the specimen (Figure 3). The OAD technique is based on directing a vapor
towards a substrate with a trajectory of atoms not parallel to the substrate normal. Wang et
al. (Wang et al., 2005) replicated the surface features of pollen grains and cotton fiber from
~100 nm scale upwards (Figure 3). The replica was fabricated by dissolving titanium
isopropoxide precursor in supercritical CO,, and then depositing on the surface of a
biological specimen. The adsorbed precursor then reacted with water molecules and
hydroxyl groups on the surface of the biological sample, resulting in the condensation of
titanium at the interface. Finally, the biological specimen embedded inside the titanium
coating was removed by calcination.

Decellularized tissue and organs are another type of three dimensional scaffold used for
tissue engineering/regenerative medicine applications (Gilbert et al., 2006). ECM from a
variety of tissues, including heart valves, blood vessels, skin, nerves, skeletal muscle,
tendons, ligaments, small intestinal submucosa, urinary bladder, and liver, have been
isolated, decellularized, and then used as cell cutlure scaffolds (reviewed by (Gilbert et al.,
2006)). The decellularized ECM often retains biologically functional molecules and three
dimensional organization of native ECM, therefore provide a favorable environment for
tissue regeneration (Badylak, 2004). Physical, chemical, enzymatic, or combined methods are
utilized to decellularize tissue. The physical methods involve agitation, sonication,
mechanical massage, pressure, and freezing and thawing. The chemical methods include
alkaline and acid treatments, non-ionic detergents (e.g. Triton X-100), ionic detergents (e.g.
Triton X-200), Zwitterionic detergents (e.g. CHAPS), tri(n-butyl)phosphate, hypotonic and
hypertonic treatment, and chelating agents (e.g. EDTA). Enzymes, such as trypsin,
endonucleases, and exonucleases, are also often utilized in decellularization processes
(Gilbert et al., 2006). A general approach to decellularization begins with lysis of the cell
membrane using physical treatments or incubation with ionic detergent solution, followed
by enzymatic treatment to dissociate cellular components from ECM, and removal of
cytoplasmic and nuclear cellular components using detergent (Gilbert et al., 2006). Simple
hydrogels made of natural polymers, such as ECM components: collagen, elastin, fibrin,
hyaluronic acid, and basement membrane extract (e.g. Matrigel™); as well as materials
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Plasma Enhanced CVD
Instestinal Basement Membrane

Fig. 3. Precise replication of biological structures: replication of small intestinal basement
membrane utilizing plasma enhanced chemical vapor deposition (CVD) of poly(2-
hydroxyethyl methacrylate) (adapted with permission from Pfluger et al., 2010);
chalcogenide glass (GesSb12Geso) replication of fly eyes by conformal-evaporated-film-by-
rotation technique (CEFR) (adapted with permission from Martin-Palma et al., 2008) ;
titanium replication of cotton fiber and pollen grains utilizing supercritical CO» (adapted
with permission from Wang et al., 2005).

derived from other biological sources: alginate, agarose, chitosan, and silk fibrils, are also
utilized for three dimensional cell culture (reviewed by (Lee&Mooney, 2001,
Tibbitt&Anseth, 2009)). Collagen is an abundant ECM protein; it forms gels by changing the
temperature or pH of its solution (Butcher&Nerem, 2004, Raub et al., 2007); these gels can be
further cross-linked by glutaraldehyde or diphenylphosphoryl azide. Gelatin is a derivative
of collagen that can also form gels when the temperature of its solution changes.
Hyaluronate is one of the ECM glycosaminoglycans; it can form gels by covalently cross-
linking with various hydrazide derivatives, and be degraded by hyaluronidase (Pouyani et
al., 1994, Vercruysse et al., 1997). Fibrin can be collected from blood, and forms gels by the
enzymatic polymerization of fibrinogen at room temperature in the presence of thrombin
(Ikari et al., 2000).

Hydrogels can also be formed from synthetic polymers, such as poly(ethylene glycol),
poly(vinyl alcohol), poly(2-hydroxy ethyl methacrylate), and polyethylene glycol (PEG).
Morphologically, hydrogels are highly porous and have loosely packed fibers. Cells
cultured on 3D hydrogel scaffolds can be encapsulated inside the hydrogel scaffold by
mixing cell suspension with hydregel solution and then solidifying, instead of seeding
directly on the surface of the hydrogel. The stiffness of hydrogel can be adjusted by varying
gel concentration or introducing cross-linking agent.
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4. Effect of substrate pattern on cell behavior (morphology, migration,
adhesion, proliferation, and differentiation)

Cell shape, migration, and adhesion can be influenced by surface topography of a substrate.
Sub-micron to nanometer scale topographies are smaller than the size of a cell and in the
similar size range as topography created by ECM proteins, such as collagen, fibronectin, and
laminin fibers. This size range of substrate topography may influence cell behavior at the
cellular level. Sub-millimeter scale topographies are in the similar range as tissue subunits,
such as small intestinal crypt-villus units, osteons of bone, and dermal papillae. As tissue
subunits often contain tens to hundreds of cells, sub-millimeter scale topography might
influence group cell behavior by affecting cell-cell contact, cell-cell signaling, and other
regulation among cells. In the following section, the effect of sub-micron to nanometer scale
topography, as well as sub-millimeter scale topography on cell behavior is discussed.
Relatively speaking, most studies in the literature pertaining to effect of substrate
topography are performed in systems lacking multiple aspects of physiological conditions,
utilizing impermeable substrates made of polymer or inorganic materials, such as
polydimethylsiloxane, silicon, and titanium oxide. These studies are typically focused on
short term effects (culture time equal to or less than 7 days), mostly on cell morphology; the
scale of topography is generally limited to cellular to subcellular length scale, and shape of
topography is often restricted to simple features such as grooves and ridges. Therefore,
more biologically relevant or more biomimetic systems and longer cell culture time might be
required to study the effect of substrate topography on cell behavior.

4.1 Cellular and subcellular (ten micron to nanometer) length scale topography

A large body of work has reported that cellular and subcellular length scale topographic
features play an important role in affecting cell morphology, migration, and adhesion to
substrates. Groove pattern is the most commonly studied pattern type; in general cells have
been observed to align along grooves or ridges. Wood et al. (Wood, 1988) cultured fin
mesenchymal explants on quartz substrates patterned with grooves of 1 - 4 pym width, 1.1
pm depth, and 1 - 4 um spacing, and found groove topography directed and facilitated
mesenchymal cell migration away from explants. Cells were aligned parallel to grooves and
migrated 3 - 5 fold faster than those on flat surfaces. Cells attached to the ridge region were
able to spread from one ridge to another by bridging the groove. However, not all cells
prefer aligning along groove axes; cell reaction to groove topography depends on cell type.
Rajnicek et al. (Rajnicek et al.,, 1997) cultured central nerve system neurons (embryonic
Xenopus spinal cord and embryonic rat hippocampus neurons) on quartz surfaces patterned
with regular grooves (14 - 1100 nm in depth; 1, 2, and 4 pm in width, 1 pm spacing). The
preferred direction of neurite spreading depended on cell type and dimension of the groove.
Spinal neurons extended their neurites along grooves, while hippocampus neurons
extended their neurites perpendicular to shallow, narrow grooves and parallel to deep, wide
ones. Similarly, Webb et al. (Webb et al., 1995) cultured oligodendrocyte progenitors, rat
optic nerve astrocytes, rat hippocampal and cerebellar neurons on quartz substrates
patterned with regular and irregular 1 - 4 um wide and 0.1 - 1.2 um deep grooves and 0.13 -
8 um ridges coated with 0.01% poly-D-lysine. When cultured on the surface grated with
~100 nm wide and 100 - 400 nm deep grooves and ridges, hippocampal and cerebellar
granule cell neurons extended their neurites perpendicular to the grooves.
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Cells cultured on substrates patterned with cellular and subcellular scale topography were
also reported to synthesize more cell adhesion molecules (e.g., fibronectin (Fn)) than those
cultured on flat surfaces. For example, Chou et al. (Chou et al.,, 1995) found that human
fibroblasts secreted 2-fold more ECM Fn when cultured on surfaces patterned with V-
shaped grooves (3 um in depth, 6 um in width, and 10 pm in spacing). Manwaring et al.
(Manwaring et al., 2004) studied rat meningeal cell alignment and ECM protein distribution
while cultured on Fn (20 pg/ml) coated polystyrene surfaces patterned with irregular
grooves with average roughness ranging from 50 nm to 1.6 pm. Nanometer-scale groove
topography affected both meningeal cell alignment and the alignment of cell-deposited
ECM; the alignment increased with increasing surface roughness.

Cellular and subcellular scale topography affects cell adhesion on substrates, and the
influence depends on shape of pattern (e.g., grooves, pits) and cell types. For example,
groove topography enhanced human corneal epithelial cell adhesion. Karuri et al. (Karuri et
al., 2004) seeded SV40 human corneal epithelial cells on silicon surfaces patterned with 400 -
4000 nm wide grooves and incubated cells for 24 hours. Cells attached to silicon substrates
were then transferred to a flow chamber, in which cells were exposed to different levels of
sheer stress. It was found that cells were most adherent to surfaces patterened with smaller
features; there were more cells attached to surfaces patterned with 400 nm grooves
compared to surfaces patterned with grooves larger than 400 nm when cells were subjected
to the same sheer force. Cukierman et al. (Cukierman et al., 2001) compared human foreskin
fiboblast morphology, migration, and adhesion when cultured on 3D ECM deposited by
NIH-3T3 fibroblasts with those of cells cultured on the same substrate, but mechanically
compressed into 2D. In this experiment, the composition and nano-scale fibrillous
topography of 3D ECM is the same as 2D ECM; the only differences between these two
substrates are the reduction of thickness from ~ 5 pm to < 1 um, and the increase in local
ECM concentration. Cell adhesion on 3D ECM was 10 fold higher than on 2D ECM 10
minutes after plating; the elongation of cells on 3D ECM was 3 fold higher than on 2D ECM
5 hours after plating. Interestingly, the difference in cell elongation disappeared after 18
hours. The migration of cells on 3D ECM was slightly slower than on 2D ECM. Kidambi ef
al. (Kidambi et al., 2007) cultured 3T3 fibroblasts, Hela cells, and primary hepatocytes on
surfaces of PDMS substrates patterned with micro-well arrays (1.25 - 9 um in diameter, 2.5
pm in depth, and 18 pm well center to center distance) coated with polyelectrolyte
multilayers (10 layers of sulfonated poly(styrene)/poly-(diallyldimethylammonium
chloride)). Micron-well topography was found to inhibit cell attachment. The number of
cells adherent to patterned surfaces was lower than that to smooth surfaces. The attached
cell number decreased with increase of well diameters.

Cytoskeletal organization and adhesion to substrate alter the way in which cells sense and
respond to the environment, and hence affect cell proliferation and differentiation (Ingber,
1997). Rajnicek et al. (Rajnicek et al., 1997) found that neurite growth of central nerve system
neurons (embryonic Xenopus spinal cord and embryonic rat hippocampus neurons) was
enhanced by groove patterns, and proliferation rate was greater when cells were orientated
in a preferred direction. Green et al. (Green et al., 1994) studied the growth rate of human
abdomen fibroblasts (CCD-969sk) cultured on silicone surfaces patterned with 2, 5, or 10
pm rectangular pit or pillar arrays for up to 12 days. Cells were observed to be more
sensitive to small size topography (i.e. 2 and 5 um features) instead of 10 pm pits or pillars. 2
and 5 pm pillar features enhanced fibroblast proliferation as compared with the same size
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pit feature and flat surfaces. Dalby et al. (Dalby et al., 2007) cultured human mesenchymal
stem cells (MSCs) and osteoprogenitors on polymethylmethacrylate (PMMA) embossed
with 120 nm diameter, 100 nm depth , and 300 nm center to center spacing pits arranged as a
square array, hexagonal array, or random (with different randomness) array for 21 or 28
days. Both osteoprogenitors and MCSs exhibited bipolar morphology on planar surface, and
formed dense bone nodule-like aggregates on substrates patterned with random pit array
topography. Osteoprogenitors on surfaces patterned with mild random pit arrays (a few pits
slightly out of alignment) also expressed raised levels of bone-specific extracellular matrix
proteins: osteopontin and osteocalcin. MSCs on surfaces with mild random pit arrays
exhibited osteogenic gene up-regulation (11 out of 101 genes tested). Huang et al. (Huang et
al., 2006) grew murine myoblasts on poly(dimethylsiloxane) (PDMS) surfaces patterned
with grooves 10 um wide, 10 um apart, and 2.8 um deep, or poly(L-lactide) (PLLA) scaffolds
with either well-aligned or randomly arranged 500 nm wide fibers. Both micron-scale
grooves and nanofibers inhibited cell proliferation over the first 2 days in culture. 10 pm
groove topography promoted myotube elongation by 40%, while 500 nm nanofibers
enhanced myotube length by 180% after 7 days. The inhibition of cell proliferation during
early culture and the promotion of myotube assembly in late culture suggested that
micropatterned surfaces may enhance cell cycle exit of myoblasts and differentiation into
myotubes, and that myoblasts were more sensitive to nanometer scale topography than
micron-scale topography. The reduction in cell proliferation by culturing on surfaces
patterned with subcellular scale topography was also observed by Yim et al. (Yim et al.,
2005). They cultured bovine pulmonary artery smooth muscle cells (SMC) on poly(methyl
methacrylate) (PMMA) and poly(dimethylsiloxane) (PDMS) surfaces patterned with 700 nm
wide and 350 nm deep grooves and found that SMCs cultured on patterned surfaces
incorporated significantly lower BrdU than cells cultured on flat surfaces during 4 hours of
incubation. Den Braber et al. (Den Braber et al., 1995) cultured fibroblasts from ventral skin
on PDMS substrates patterned grooves 2 - 10 pum wide, 2 - 10 um spaced, and 0.5 pm deep
grooves. No effect of surface topography on cell proliferation was observed. These
observations suggest that the effect of subcellular scale topography on cell behavior is
highly dependant on cell type, shape and size of the pattern, and possibly the physical and
chemical properties of the substrate material.

4.2 Tissue subunits (submillimeter) scale topography

Subunit scale topography has also been found to affect cell morphology, adhesion,
proliferation, and differentiation. However, compared with cellular and subcellular scale
topography, the effect of subunit scale topography is more subtle. Dunn et al. (Dunn&Heath,
1976) cultured chick embryonic heart fibroblasts on the surface of cylindrical fibers with
diameters ranging from 50 to 350 pm. After 24 hours of cultivation, it was found that cell
nuclei preferred to orient along the fiber axis, and the shape of aligned cell nuclei are related
to fiber diameter: the smaller the diameter, the higher the axis width to cross axis width
ratio. However, the effect of cylindrical topography on cell nuclei alignment disappeared
when fiber diameter was bigger than 200 um. Brunette et al. (Brunette et al., 1983) studied
outgrowth of human gingival explants on a titanium surface etched with trapezoid shape
grooves (groove upper width 130 um and lower width 60 um, ridge width 10 um). The
direction of outgrowth was strongly guided by the grooves. Interestingly, cells preferred to
reside inside grooves instead of on top of ridges, which might be due to the width of ridges
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being much smaller than the width of grooves (10 pm vs. 130 um). The above studies
suggested that subunit scale grooves might also provide guidance for cell migration;
however, this may occur through different mechanisms than for cells aligned on surfaces
patterned with submicron to nanometer scale grooves. In another study, Dunn et al.
(Dunn&Heath, 1976) cultivated chick heart ventricle explants on surfaces of prisms with
different ridge angles (i.e. 179°, 178°, 176°, 172°, 166° and 148°). It was found that abrupt
change in surface orientation inhibited cell migration or changed the cell migration direction
from perpendicular to the ridge to either parallel or away from the ridge; ridges with angles
less than 166° inhibited cells from crossing ridges. Further investigation of microfilament
arrangement inside of cells spanned across ridges suggested that the majority of
microfilaments terminated when they encountered a ridge, and a new set microfilaments
formed at the other side of the ridge, oriented in a completely different direction. Mata et al.
(Mata et al., 2002) investigated human connective tissue progenitor cell spreading and
colony formation on a PDMS substrate patterned with C-shape microgrooves (11 um deep,
45 um wide, separated by 5 um wide ridge). Cells were cultured for 9 days, and the size,
shape, and cell density of cell colonies were studied. Colony area of cells grown on
patterned surfaces was half the average size as that of cells on flat surfaces; however, the cell
density was two times higher than on flat surfaces. The groove topography affected
progenitor cell colony alignment and elongation; most cell colonies extended and spread
within and along the grooves. SEM images also showed that cells located at the curvy
bottom of the groove didn’t attach conformally to the concave surface; instead they spanned
across the concave bottom. Mrksich ef al. (Mrksich, 2000) fabricated a polyurethane substrate
patterned with V-shape grooves (25 or 50 pm in width, 25 or 50 pm in spacing). The groove
region was coated with protein adhesive self-assembled monolayers (SAM), and the ridge
region was coated with non-adhesive SAMs, or vice versa. Fn was then adsorbed to the
surfaces, and bovine capillary endothelial (BCE) cells were seeded and cultured for 3 days.
Cells were found only to attach to Fn adsorbed regions. SEM images of cell spreading
suggested that cells located in grooves were more elongated, less spread, and had more
distinctive protrusions than those located on plateau ridges. Similar to what was found
when culturing human connective tissue progenitor cells inside 45 pm wide C-shape
grooves, BCE didn’t attach conformally to sharp V-shape bottoms of the grooves. Instead,
they spanned across them. In general, the submillimeter scale convex topography, such as
the surface of a cylindrical fiber, or a surface of a prism, prevents cell migrating in a
direction tangential to a curvy surface or perpendicular to a ridge; the concave topography,
such as a C-shape, U-shape, or V-shape groove, induces cells to take a “short-cut” by
spanning across the bottom of grooves instead of spreading conformally to the surface.
Concave submillimeter topography restricts cell spreading, as cells located inside of grooves
spread slower than cells on plateau ridges.

Effect of subunit scale topography on cell proliferation and differentiation has also been
studied, and in general it has been found that subunit scale topography has no or very little
effect on cell proliferation and differentiation. Mata et al. (Mata et al., 2002) cultured human
connective tissue progenitor cells on PDMS substrates patterned with C-shape microgrooves
(11 um deep, 45 pm wide, separated by 5 pm wide ridge) for 9 days; cells were stained for
alkaline phosphatase (ALP) afterwards. The ALP staining suggested the microgroove
topography did not affect the differentiation of progenitor cells into an osteoblastic
phenotype. Lack of effect of substrate surface topography on cell differentiation was also
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observed by Charest et al. (Charest et al., 2007). In their study, primary and C2C12 myoblasts
were grown on surfaces of polycarbonate substrates patterned with 5 - 75 pm wide and 5
pm deep groove or pit arrays, and covalently coated with fibronectin. The level of
sarcomeric myosin expression (marker of myogenic differentiation) was examined 50 hours
after seeding for primary myoblasts and 102 hours after seeding for C2C12 myoblasts.
Surface topography had no effect on sarcomeric myosin expression and cell density. The
lack of effect of sub-millimeter scale topography on cell proliferation and differentiation
may be due to the fact that proliferation and cell differentiation is only sensitive to
nanometer to several micron scale topography, but not topographies in ten- to hundred-
micron scales as mentioned in previous section (section 4.1). However, not all cell types are
insensitive to ten- to hundred-micron scale topography; thus, the modulation of cell
phenotype by surface topography may be cell type specific. For example, Pins et al. (Pins et
al., 2000) cultivated human epidermal keratinocytes on type I collagen membranes
patterned with sub-millimeter scale channels (40 to 310 pm wide), which presented a similar
topography as the invaginations found in native skin basal lamina. Cells grown on
patterned substrates were shown to form differentiated and stratified epidermis. Zinger et
al. (Zinger et al., 2005) grew MG63 osteoblast-like cells on titanium substrates patterned with
both micron-scale cavities 100, 30 and 10 um in diameter and sub-micron-scale roughness
(Ra = 0.7 pm). PGE; levels of cells were dependent on dimensions of micron-scale cavities.
100 pm cavities enhanced osteoblast growth, while sub-micron-scale roughness induced cell
differentiation and TGF-B1 production. Liao ef al. (Liao et al., 2003) cultivated neonatal rat
osteoblasts on PDMS substrates patterned with pyramid arrays (23 pm in height and a
square base with the length of each side being 33 um). The patterned PDMS substrates were
either exposed to oxygen plasma to increase surface hydrophilicity, or left untreated. The
pyramid topography enhanced osteoblast differentiation. Cells grown on hydrophilic
patterned substrates formed the most mineralized and alkaline phosphatase (ALP) positive
nodules and expressed the highest ALP activities.

5. Theories of mechanisms

In vivo, cells grow on or inside ECM; the molecular composition, mechanical properties, and
topography of ECM affect cell behavior (Reviewed by (Geiger et al., 2001)). Most adherent
cells’ adhesion to ECM is mediated by integrins, which are a family of transmembrane
proteins responsible for signal transduction between ECM and cytoskeleton (Reviewed by
(Roskelley et al., 1995) (Clark&Brugge, 1995)). Integrins interact with the actin cytoskeleton
at the cell interior (Geiger et al., 2001). Cell proliferation and differentiation is a synergic
response to growth factors and adhesive cues, where cell adhesion is usually mediated by
integrins. The topography and morphology of cell culture substrates might affect cell
adhesion ligand distribution and local concentration; the manner of cell surface receptor
(integrin) interaction with ligands (3D configuration); the expression and function of cell
adhesion integrins; spatial distribution of cells, which might affect cell-cell contacts and
signaling; local mechanical stress, etc., all of which might eventually affect cell phenotype.
Teixeira et al. (Teixeira et al., 2003) reported that a higher percentage of human corneal
epithelial cells elongated along micron-scale grooves when cultured in serum containing
medium than serum-free medium on surfaces of patterned silicon oxide. As serum contains
cell adhesion proteins which can adsorb to cell culture surfaces prior to cell adhesion, this
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observation suggests that surface topography affects the distribution of cell adhesion
proteins (ligands) and their local concentration. Stevens et al. (Stevens&George, 2005)
postulated that nanoscale features, such as micropores, microfibers and nanofibers, may
affect the adsorption, conformation, and local distribution of integrin binding proteins,
changing the availability and local concentration for interacting with integrins. The presence
of surface topography might increase local ligand concentration and lead to clustering of
integrin, in turn activating focal adhesion kinase, which is a prerequisite process for cell
migration (Kornberg et al., 1991, Sieg et al., 1999). For example, it was reported that HepG2
cells formed membrane projections and focal adhesions in the middle of the cell ventral
surface when cells were cultured on poly(glycolic-co-lactic)acid (PGLA) surfaces patterned
with 0.92 to 3.68 um pores; meanwhile no membrane projections and focal adhesions were
observed when cells were cultured on flat PGLA surfaces (Ranucci&Moghe, 2001).
Subcellular scale pores might locally create a reservoir of cell culture medium containing
high concentration of adhesion ligands, hence inducing the formation of focal adhesions in
the middle of cells instead of at the cell periphery. In addition, the formation of membrane
projections suggested the possible non-homogenous distribution of adhesion ligands on the
patterned surface, which may require cells to generate protrusions to reach out to places
having higher ligand concentration. Interestingly, similar size micro-pillar topography was
reported to inhibit the formation of focal contacts. Lim et al. (Lim et al., 2004) cultured retinal
pigment epithelial cells on polydimethylsiloxane (PDMS) substrates patterned with 5 pm in
diameter and 5 pm in spacing pillar arrays. The focal contact formation and actin filament
assembly were interrupted by pillars. The subcellular scale topology might also increase the
scaffold surface area, which in turn increases the total amount of integrin adsorption on the
surface of scaffolds. On the other hand, subscellular topology likely modulates the
interfacial forces that guide the cytoskeletal organization (Stevens&George, 2005).

Substrate surface topography affects cell morphology. One of the most well-known
phenomena, described extensively above, is contact guidance: cells orient and elongate
themselves parallel to instead of perpendicular to groove or cylindrical fiber axes. The
smallest feature reported to induce contact guidance is 70 nm wide ridges (Teixeira et al.,
2003). It has been proposed that actin microfilaments (Dunné&Heath, 1976, Dunn&Brown,
1986, Heidi Au et al., 2007), focal contacts (Ohara&Buck, 1979), and microtubules
(Oakley&Brunette, 1993) are vital for cell adhesion. Cells spreading on grooved substrates
develop cytoskeletal polarity before orienting themselves, suggesting alignment of either
microtubules, microfilaments, focal contacts, or all of the above, leading to cell alignment
(Oakley&Brunette, 1993). Focal adhesion and actin filament alignment along micron-scale
grooves and ridges was observed in fibroblasts (Den Braber et al., 1995). Actin filament
assembly was found to be critical for orientation and elongation of cardiomyocytes along
abrasions, as cell alignment disappeared when actin polymerization was inhibited (Heidi
Au et al, 2007). It was postulated that the tension generated by actin stress fibers is
necessary for the focal adhesion formation (Chrzanowska-Wodnicka&Burridge, 1996); in
other words, the alignment of microfilaments leads to the orientation of focal contacts.
However, fibroblasts have been reported to form aligned microtubules first, followed by
forming aligned focal contacts and then well-aligned actin filaments. Interestingly,
microtubules preferred to concentrate and align inside grooves, while focal contacts and
actin filaments formed and concentrated on tops of ridges (Oakley&Brunette, 1993). Another
possible mechanism of forming aligned focal contacts along ridges may be physical
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restriction. A focal contact is oval shaped, 2-5 pm in its major axis (Geiger et al., 2001), and
250 - 500 nm in its minor axis (Ohara&Buck, 1979), suggesting that a 2-5 pm wide ridge is
required for focal contact formation in the direction perpendicular to the ridge. If a ridge is
narrower than 2-5 um, a focal contact must orient itself parallel to the ridge to be able to fit,
which causes cells to orient in the direction along ridges. This assumption is supported by
some observations; for example, the percentage of human corneal epithelial cell aligned
along ridges decreased when the width of ridges exceeded 2 pm (Teixeira et al., 2003).

Other than groove and ridge topography, cylindrical fibers have also been found to control
cell orientation: cells preferred elongating and extending along the long axis of a fiber rather
than bending around a fiber (Dunné&Heath, 1976). It was postulated that contact guidance
on cylindrical fibers and the resistance of cells to bend around a curved surface might be
due to the fact that straight actin filaments are not able to assemble in a bent state
(Dunn&Heath, 1976, Dunn, 1991, Rovensky&Samoilov, 1994, Rovensky Yué&Samoilov,
1994). This theory might also explain the phenomenon of cells preferring to span across
concave or discontinuous surface features rather than spreading conformally on substrates.
For example, Mata ef al. (Mata et al., 2002) found that when cells were cultured on a PDMS
surface patterned with C-shape microgrooves (11 pm deep, 45 um wide, separated by 5 um
wide ridges), cells located at the curved bottom of the groove spanned across the bottom. Rat
liver epithelial IAR cells and fetal bovine trachea epithelial FBT cells were also found to resist
bending around a cylindrical surface (12-13 or 25 um radii), instead of elongating along the
axis (Rovensky Yu&Samoilov, 1994). SEM of cross-section of human corneal epithelial cells
attached on a patterned silicon oxide surface suggested that lamellipodia of epithelial cells
were not able to adhere to the bottom of 330 nm wide, 150 nm and 600 nm deep grooves, but
spanned across grooves (Teixeira et al., 2003). Actin filament elongation and extension might
be temporally interrupted or inhibited in circumstances where continuity of the actin filament
may be disrupted by abrupt bending of the cytoplasm. However, some research suggests that
formation and alignment of actin filaments and focal contacts might not be the driving force
for cell contact guidance on patterned surfaces for some cell types. For example, Webb et al.
(Webb et al., 1995) observed high alignment of oligodendrocytes and oligodendrocyte-type 2
astrocyte progenitors on surfaces patterned with submicron size grooves; however, no high-
order F-actin cytoskeletal networks were observed. On the other hand, extensive organization
of F-actin into stressed fibers and cables was detected among aligned astrocytes. The presence
of surface topography might also create a physical barrier for cell-cell contact, or restrict
available spreading area for cells, which then influences cell morphology. Direct cell-cell
contact has been found to promote cell proliferation; for expamle, smooth muscle cells or
endothelial cells contacted with one or more neighbor cells have significantly higher growth
rates than single cells without contacts (Nelson&Chen, 2002)

The alteration of cell morphology was reported to affect cell proliferation and phenotype.
For instance, the commitment of human mesenchymal stem cells (hMSCs) to adipocyte or
osteoblast phenotype was regulated by cell shape: the widely spread and flattened hMSCs
underwent osteogenesis, while round and unspread hMSCs underwent adipogenesis
(Mcbeath et al., 2004). Folkman et al. (Folkman&Moscona, 1978) found that the shape of
mammalian cells (i.e. bovine endothelial cells, WI-38 human fetal lung fibroblasts, and A-31
cells) is tightly coupled to DNA synthesis. Extremely flat shaped cells incorporate ~ 30 fold
more 3H-thymidine than spheroidal conformation cells, suggesting much more active DNA
synthesis of extensively spread cells. However, in this paper cell shape was modulated by
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varying the substrate adhesiveness. The spheroidal cells had much lower adhesion to
surfaces than flat shape cells, therefore, it was hard to uncouple the effects of cell shape and
adhesion on DNA synthesis. Cukierman et al. (Cukierman et al., 2001) also observed the
enhancement of BrdU incorporation (one of characteristics for S-phase cells) among most
elongated fibroblasts, which were cultured on a 3D ECM deposited by NIH-3T3 fibroblasts.
Furthermore, they found that the cell-matrix adhesion mechanism was affected by the
substrate z dimensional topography. The overlapping of the focal and fibrillar adhesions
was observed among cells cultured on a 3D ECM, whereas focal and fibrillar adhesions were
found presenting at different locations on cell membrane when cultured on a 2D ECM with
the same composition except the lack of z dimension. The focal adhesions anchor actin
filaments and mediate strong adhesion of cells to the matrix; where fibrillar adhesions are
associated with ECM fibrils and responsible for fibronectin generation (reviewed by (Geiger
et al., 2001)). Narrowed integrin usage (i.e. involvement in only adhesion rather than
adhesion and spreading, as observed on 2D surfaces) among fibroblasts cultured on 3D
substrates was also observed, and the sensing of and reaction to z dimensional topography
was ab integrin dependent (Cukierman et al., 2001). Wang et al. (Wang et al., 1998) reported
a bidirectional cross-modulation of B-1 integrin and epidermal growth factor receptor
signaling through mitogen activated protein kinase pathway in human mammary epithelial
cells when cultured in 3D Matrigel™ (basement membrane from Englebreth-Holm-Swarm
tumors), which didn’t occur in 2D cultures. The above observations suggest that in 3D
culture cell surface integrins such as p-1 and a-5 have different function or regulate different
cellular processes compared with cells cultured on a 2D substrate. It was also postulated
that surface topography might lead to local restriction or redistribution of cell membrane
proteins such as ion channels, which might cause cytoskeletal reorganization, or vice versa.
The change of cytoskeleton was also reported to be able to regulate ion channel distribution
on the cell surface; Levina ef al. (Levina et al.,, 1994) found that the disruption of cortical
cytoskeleton in the growing tip of the oomycete affected ion channel distribution.

Reaction of cells to surface topography is cell type dependent. This is possibly related to the
fact that in vivo different types of cells are exposed to different 3D environments. For
example, epithelial cells are often highly polarized and in direct contact with 3D basement
membrane via their basolateral sides, while fibroblasts often found in connective tissues are
surrounded by 3D ECM, and adapt to a specific 3D matrix. When cultured in vitro on
patterned surface with similar 3D patterns as native ECM, cells might react as in vivo. In the
Xenopus spinal cord, sensory ganglion neurons extend along longitudinally alined Rohon-
Beard neurons and aligned longitudinal channels (~0.6 um to 3 pm wide) sandwiched
between Rohon-Beard neurons and neighboring neuroepithelial cells (Nordlander&Singer,
1982). In hippocampus, neurites often exhibit perpendicular contact guidance on parallel
arrays of pre-existing neurites (Hekmat et al., 1989). When cultured in vitro on a quartz
surface patterned with grooves (14 - 1100 nm in depth; 1,2, and 4 pm in width, 1 pm
spacing), Xenopus spinal cord neurons extended their neurites along grooves, while
hippocampus neurons extended their neurites perpendicular to shallow, narrow grooves
(Rajnicek et al., 1997). In vivo, the diameter of a 7-day-old rat optic nerve axon is
approximately 0.19 £ 0.5 um in diameter (Webb et al., 1995), and in vitro it was observed that
rat optic nerve astrocytes aligned along ~ 1 pm wide and ~ 1 um deep grooves. Meanwhile,
it was also found that cells became less sensitive to groove topography when the size of
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groove features increased to several microns, which supports the theory that cells would be
most sensitive to substrate topography having the size close to in vivo features.

Surface topography might also play a role in confining cell movement and migration, and
delaying cell spreading. For example, Teixeira et al. (Teixeira et al., 2003) utilized time-lapse
microscopy to plot human corneal epithelial cell centroid trajectories on silicon oxide surfaces
patterned with 400 nm deep grooves over a 10 hour period. It was also found that centroids of
cells on patterned surface were more stationary compared with cells on flat surfaces. The
intestinal crypt-like well topography (50 pm in diameter and 120 pm in depth) was found to
delay intestinal epithelial Caco-2 cell spreading for up to 2 days (Wang et al., 2009).

6. Conclusions

ECMs of native tissues possess unique, intricate, and often fractal topography ranging from
submillimeter to nanometer scale. In the native state, cells are surrounded or in direct
contact with 3D matrix, which guides cell migration, modulates cell adhesion, alters
cytoskeletal organization, and affects cell phenotype. In vitro studies have documented that
nanometer to submillimeter scale biomimetic topographical features influenced cell
behavior, suggesting that topography of ECM plays an important role in regulating cell
behavior, such as cell morphology, alignment, adhesion, migration, proliferation, and
differenitation. The influence of topological cues depends on cell type, shape, and size of
topographical feature; the more biomimetic topography induced more in vivo like cell
phenotype. Relatively speaking, the majority of studies have been done using synthetic
materials as cell culture scaffolds, focusing on simple topographical features (e.g. grooves
and ridges) with sizes in single cell or subcellular scale (nanometer to tens micron) range
and short periods of cultivation. In order to fully understand the role of ECM topography on
cellular behavior and tissue function, chemically, mechanically, and physiologically more
biomimetic cell culture substrates need to be fabricated. Information pertaining to the
influence of topography on cell behavior will benefit rational design of tissue engineering
scaffolds and in vitro cell model development.
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1. Introduction

The vocal folds are a remarkably unique tissue in the body, in that they can produce
vibration at rates between 100-1000 hertz throughout the course of a day (Guimaraes &
Abberton, 2005; Hunter et al., 2006). When this robust tissue is disrupted by scarring
associated with vocal fold lesion excision, carcinoma, radiation, trauma, or inflammatory
disease, the associated degradation in vocal quality can be devastating. More than half of
individuals with voice disorders attribute their dysphonia as having a negative impact on
their social interactions, career and mental health (Smith et al., 1995). Traditional surgical
treatments and voice therapy have been suboptimal for improving the dysphonia and
fatigue associated with vocal fold scarring (Hansen & Thibeault, 2006). Over the past
decade, a number of promising pre-clinical studies targeted at vocal fold regeneration using
mesenchymal stem cells (MSCs) have been completed. As nearly all of the dedicated stem
cell investigation has been completed in vitro and in animal models, there exists a great
opportunity for innovation and landmark work in the future of this field. Our intention is to
present the therapeutic interventions explored in the literature to date for mesenchymal
stem cell (MSC) based approaches for vocal fold regeneration, in order to inform optimal
approaches of the future.

2. Key aspects of vocal fold function

2.1 Basic cellular constitution of the vocal mucosa

The vocal folds have a defined multilayered structure; whereby the vocal mucosa, made up
of the epithelium, basement membrane zone and superficial lamina propria, is anchored to
the underlying intermediate and deep layers of the lamina propria and thyroartenoid
muscle. The vocal mucosa vibrates during phonation and is the most common site for injury
and scarring. As such, the anatomical target of the majority of bioengineered constructs for
the larynx is the vocal mucosa. The lamina propria is home to fibroblasts, myofibroblasts
and macrophages, and the epithelium contains epithelial cells and some dendritic cells that
gain entry via the basement membrane zone (Catten et al., 1998). Due to their abundance
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and the utility of their unique functions, the two cell types of primary interest for vocal fold
tissue engineers are epithelial cells and vocal fold fibroblasts. The vocal folds are covered by
stratified squamous epithelium, which serves as a protective barrier against chemical,
pathogenic and mechanical insults (Sivasankar et al., 2010; Mogi et al., 1979; Gray & Titze,
1988; Gipson et al., 1995; Johnston et al., 2003). Laryngeal epithelial cells also help maintain
local hydration, which is essential for healthy voice production (Fisher et al., 2001). The most
abundant cell type in the lamina propria is the vocal fold fibroblast. These cells are largely
evenly spread throughout the depth of the tissue (Catten et al, 1998). During a wound
healing response, vocal fold fibroblasts migrate to the site of injury and remodel the tissue
by generating extracellular matrix (ECM) (Hirano et al., 1999).

2.2 Basic ECM constitution of the vocal mucosa

The ECM profile determines the biomechanical properties of vocal fold tissue, which, in
turn, influences vocal quality (Thibeault et al., 2002). Vocal fold scarring can be identified
by the fibrotic conversion of the native ECM (Benninger et al., 1996). While this later phase
in injury and repair processes is innate, it can have a deleterious effect on vocal quality by
altering the viscoelasticity of the tissue. As such, vocal fold bioengineers must utilize cell
sources, scaffolds, and growth factors that will remodel ECM profiles to mimic the
viscoelasticity of healthy tissue. Accurate measurement of the elastic properties of vocal fold
mucosa is difficult due to its small size and difficult to access location. Investigators have
used various models (cadaveric human larynges, in vivo and ex vivo canine larynx, etc) and
techniques (nerve stimulation, parallel plate rheometry, indentation, etc), and have reported
a range of shear moduli results (Hirano, 1981; Chhetri et al., 2010).

The layered structure of vocal fold tissue can be defined by its relative constituent makeup;
the vocal fold mucosa is primarily composed of ECM, and the underlying thyroartenoid is
largely composed of cells (Gray et al., 2000b). The robust ECM of the vocal fold mucosa is
made up of fibrous proteins (i.e., collagens, elastins), interstitial proteins (i.e., hyaluronic
acid, decorin, fibromodulin, decorin, versican) and other molecules such as lipids and
carbohydrates.

The fibrous proteins of the vocal fold ECM have traditionally received a large amount of
attention, as they contribute significantly to viscoelasticity. Collagens provide tensile
strength to vocal fold tissue. The lamina propria hosts collagen type I, II and III and the
basement membrane zone contains type IV and VII (Gray, et al., 1993; Mossallam, et al.,
1986; Courey, et al., 1996; Gray, 1991). Elastins afford vocal tissue the ability to be stretched
and then return to its original shape. The interstitial proteins are found between the
collagens and elastins, and provide a variety of functions to the tissue. The large size, porous
quality and high water content of hyaluronic acid (HA) are thought to offset the chronic
vibration associated with phonation via shock absorption (Gray et al., 1999). HA also affects
the viscosity of tissue, as a higher content corresponds to a higher tissue viscosity. Decorin
and fibromodulin also have a role in wound healing, as they are able to bind to collagen and
regulate fibril synthesis (Gray, et al., 1999). Versican has an ability to bind water molecules
and plays a role as a space-filler in the lamina propria (Gray, 2000b).

ECM remodeling in the vocal folds is a finely coordinated, complex process, which is not yet
fully understood. Further investigation into how to modulate this process following injury
is warranted.
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3. Therapeutic interventions explored to date

Reference

MSC type

Cell
Therapy
Length

Model

Scaffold

Growth
factor

Outcomes

Quinchia-
Johnson et
al., 2010

BM MSCs
(murine)

4 weeks

18 rats

HA
hydrogel

Improved ECM
and TGF-p1
production, and
increased
hyaluronan
metabolism over
3 other treatment
combinations

Hertegard
et al., 2006a

BM MSCs
(human)

4 weeks

10
rabbits

Improved tissue
viscoelasticity
and reduced
collagen type 1 in
treated folds

Kanemaru
et al., 2005

BM MSCs
(murine)

8 weeks

4 rats

MSCs
differentiated
into cells + for
epithelial and
muscle markers

Kanemaru
et al., 2003

BM MSCs
(canine)

8 weeks

8 dogs

1% HCI
atelo-
collagen

2/8 dogs had
granulation and
2/8 dogs had
atrophic changes
on untreated,
scarred fold,
while none of the
treated vocal
folds showed
signs of damage

Svensson et
al., 2010

BM MSCs
(human)

12 weeks

11
rabbits

Improved tissue
viscoelasticity
and reduced
collagen type Iin
treated folds

Lee et al,
2006

ASCs
(canine)

24 weeks

10 dogs

atelo-
collagen

Less granulation
tissue and
atrophic changes
in the treated
folds

Table 1. Animal models for vocal fold regeneration using MSCs
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3.1 Cells

MSCs have many favorable characteristics, including an ability to migrate to a site of injury
and to encourage proliferation and differentiation of progenitor cells. They have also been
shown to exert control over the microenvironment via secretion of growth factors and
matrix remodeling (Caplan, 2007; Uccelli et al., 2007). There is evidence that the activity of
T-lymphocytes, B-lymphocytes, and natural killer cells can be inhibited by MSCs, which
suggests their potential allogeneic use without risk of immune response (Le Blanc &
Ringden, 2007; Rasmussen et al., 2007). Interestingly, bone marrow derived mesenchymal
stem cells (BM MSCs), adipose derived mesenchymal stem cells (ASCs) and human vocal
fold fibroblasts found in the lamina propria demonstrate similar immunophenotypic
properties, differentiation potential and cell surface markers (Long et al., 2009; Puissant et
al., 2005; Hanson et al., 2010). This shared cell surface profile included a positive expression
for MSC markers (i.e.,, CD29, CD44, CD73, CD90 and CD105) and a negative expression for
hematopoietic stem cell markers (i.e,, CD14, CD31, CD34, CD45). Additionally, BM MSCs
and ASCs have been shown to differentiate down epithelial and fibroblast lineages
(Kanemaru et al., 2005; Long et al., 2009; Ohno et al., 2009). Collectively, these findings
support the use of BM MSCs and ASCs in future vocal fold regeneration interventions.
Further inquiry distinguishing the utility of these two cell sources is necessary, as there have
been no in vivo reports directly comparing them in laryngeal research.

There have been a few reports of injecting MSCs directly into the vocal fold, without a
scaffold or soluble factors, in order to encourage regeneration following injury (see Table 1).
These in vivo animal models have generally used a common investigative paradigm, which
involves first creating a lesion unilaterally or bilaterally in the membranous portion of the
vocal fold. After a period of days to weeks which allows the mature scar to form, the
investigator then injects the cell therapy into the scarred region. Outcomes are determined
with morphological assessment to characterize the anatomical structure of the tissue,
rheometric analysis to determine the tissue’s viscoelasticity, and/or with gene or protein
expression levels to analyze extracellular matrix component production.

Measures of tissue biomechanics may be the most meaningful outcome to report in vocal fold
literature, as viscoelasticity is known to significantly affect voice quality and patient outcomes.
Thus, rheometric assessment is becoming an important functional measure in laryngeal
literature. Improved viscoelastic measures have been reported for vocal folds treated with BM
MSCs alone in a rabbit model (Hertegard et al., 2006a; Svensson et al., 2010).

Improved tissue morphology (less granulation tissue, less rough vocal fold edge) has been
reported in injured vocal folds treated with BM MSCs as compared with controls, over a
recovery periods lasting from four and twelve weeks (Hertegard et al., 2006a; Kanemaru et
al., 2005, Svensson et al., 2010). Figure 1 demonstrates the resolution of one dog’s granuloma
and rough vocal fold morphology over a 24 week recovery period.

Protein and gene expression analysis can provide useful information about signaling
pathways and ECM production. The literature to date has focused largely on the expression
and some quantification of the ECM components known to be involved with wound
healing, such as collagen, fibronectin, and hyaluronic acid. A reduction in collagen I content
(Hertegard et al., 2006a, Svensson et al., 2010) and an increase in TGF-f1 production
(Quinchia-Johnson et al., 2010) have been reported in vocal folds injected with BM MSCs
alone versus scarred, untreated controls. Additionally, it has been found in vitro that a co-
culture of ASCs and scar fibroblasts (SF) had decreased collagen production levels and
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Fig. 1. Reprinted from Cells Tissues and Organs, Vol. 184/No. 3-4. Lee., B.Y., Wang, S.G,, Lee,
J.C., Jung, ].S., Bae, Y.C,, Jeong, H.J., Kim, HW., Lorenz, R.R. The prevention of vocal fold
scarring using autologous adipose tissue-derived stromal cells, pp. 198-204, (2006), with
permission from S Karger AG, Basel. Improved vocal fold morphology was observed in the
scarred, treated right vocal fold, as compared with the scarred, untreated left vocal fold. a:
On day 4, bilateral vocal fold lesions (see arrows) were created via electrocautery. b: On day
14, edema noted in right vocal fold, with irregular vocal mucosa noted in left vocal fold. c:
On day 28, granuloma was larger on the left than on the right. d: On day 57, right-sided
granuloma has resolved, but left-sided granuloma remains. e: During week 24, the authors
noted the appearance of scarring in the left vocal fold, but not in the right vocal fold.
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SF proliferation rates when compared with SFs in monoculture (Kumai et al., 2009). These
data suggest that BM MSCs and ASCs support an anti-fibrotic profile when exposed to a
scar environment. Further protein and gene expression investigation is needed to uncover
signaling pathways that may allow future bioengineers to control these processes.

An optimal cell source to remediate vocal fold scarring and promote regeneration would be
non-immunogenic, remain viable amidst significant vibration, migrate to the site of injury,
encourage remodeling of ECM to reduce the fibrotic scar profile and efficiently differentiate
into vocal fold fibroblasts and epithelial cells. To date, a handful of initial studies have
indicated the therapeutic potential of injecting BM MSCs or ASCs alone for vocal fold
regeneration, but further characterization using the above criteria may prove useful.
Investigation using pluripotent cells (embryonic stem cells, induced pluripotent stem cells)
and MSCs isolated from other sources (i.e., spleen, thymus, umbilical cord blood, amniotic
fluid and dental pulp) may also be considered.

3.2 Scaffolds without cells

Scaffold materials have long been used in injection laryngoplasty procedures by
otolaryngologists for the treatment of patients with vocal fold paresis, paralysis or anatomical
defects. In this treatment, the biomaterial/scaffold is primarily used as a bulking agent to push
the affected vocal fold toward midline and allow for a closer physical approximation
during  phonation.  Synthetic ~ materials (silicone,  polytetrafluoroethylene-Teflon,
polyhydroxyethylmethacrylate) have largely been eschewed for clinical use because of their
propensity for foreign body response, migration of material and non-biodegradability (Ejnell
et al., 1984; Nakayama et al., 1993). These materials have been replaced in the clinic by more
degradable biomaterials, such as collagen matrix (Kriesel et al., 2002) and fat (McCulloch et al.,
2002; Lo Cicero et al., 2008). These materials have viscoelastic properties more similar to vocal
mucosa than the previous injectables. Additionally, the site of injection has changed from the
thyroartenoid muscle to the lamina propria.

Interestingly, it has recently reported that abdominal adipose tissue harvested for clinical
use as a fat injection contains a local population of MSCs. These stem cells have a high
proliferative potential and the ability to differentiate down multiple lineages (Lo Cicero et
al.,, 2008). These data suggest that a resident MSC population in vocal fold fat injections may
contribute to long-term graft survival, which is suspected to occur in 55-100% of patients
(McCulloch et al., 2002; Lo Cicero et al., 2008).

Commercially available composite materials have also been commonly used in clinic, such
as Gelfoam paste (Schramm et al., 1978), Cymetra (Milstein et al.,, 2005), calcium
hydroxylapatite (Rosen et al., 2007), Restylane and Hylaform (Hertegard et al., 2006b).
While these materials have all been reported to improve vocal function, they are not
traditionally thought to grow and remodel the tissue, as many of them biodegrade in the
body. Resorption is an advantage for patients with temporary vocal fold pathology and for
those interested in a short-term trial, but it is a significant limitation for patients that are
interested in long-term treatment, as they can necessitate repeated injections.

A promising line of research is the investigation of gels and hydrogels as vocal fold
injectables, as they may offer greater potential for vocal fold regeneration and improved
viscoelastic properties over current scaffold materials. To date, hydrogels have primarily
been HA based (Duflo et al., 2006a, Duflo et al., 2006b, Jia et al., 2004) and collagen based
(Hahn et al., 2006). Figure 2 demonstrates the distinct rheometric measurements obtained
from four treatment groups that included a semi-synthetic gel matrix (Thibeault et al., 2009).
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Fig. 2. Reprinted from Tissue Engineering Part A, Vol. 15/No. 7, Thibeault, S.L., Klemuk, S.A.,
Smith, M.E., Leugers, C., Prestwich, G. In vivo comparison of biomimetic approaches for
tissue regeneration of the scarred vocal fold, 1481-1487, (2009), with permission from Mary
Ann Liebert, Inc. Using a stress-controlled rheometer, the authors were able to demonstrate
distinct elastic and viscous moduli associated with the four treatment groups.

Decellularized xenogeneic matrices derived from porcine small intestine, urinary bladder
and bovine vocal fold tissue have also been investigated as potential laryngeal scaffolds
(Ringel et al., 2006; Xu et al., 2007). In this model, the tissue is decellularized, leaving the
potential for ECM-based repair of native via release of endogenous growth factors and
activation of local cells.

3.3 Scaffolds with cells
There are many well characterized biomaterials used for injection laryngoplasty, though,

only a few substances (i.e., HA based hydrogels, atelocollagen, fibrin) have been
investigated for use as scaffolds in vocal fold MSC based therapies (Long et al., 2009;
Kanemaru et al., 2003; Lee et al., 2010; Quinchia-Johnson et al., 2010; Ohno et al., 2009).
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Saline BM-MSC+sECM
Saline BM-MSC

Fig. 3. Reprinted from The Laryngoscope, Vol. 120/No. 3, Quinchia-Johnson, B.H., Fox, R.,
Chen, X., Thibeault, S.L. Tissue regeneration of the vocal fold using bone marrow
mesenchymal stem cells and synthetic extracellular matrix injections in rats, pp. 537-545,
(2010), with permission from John Wiley and Sons (publisher). More BM MSCs tagged with
green fluorescent protein (shown in red) remain in the tissue 30 days postinjection for the
combination therapy than the cells alone condition.

HA based hydrogels have been shown to be noninflammatory, nonimmunogenic and
biocompatible, as well as have significant shock absorption ability. Carbylan-GSX (a thinly-
modified semisynthetic GAG derived of HA mixed with a thiolated gelatin, and cross linked
with polyethylene glycol), has viscoelastic properties similar to vocal mucosa when injected
in vivo (Duflo et al., 2006a). When encapsulated in Extracel, BM MSCs maintained a high
viability (96% or better), and were able to sustain their cell growth over a three day period
(Duflo et al., 2006b). They remained alive 30 days post injection (See Fig. 3). In addition, this
construct injected in vivo produced an ECM profile more supportive of wound healing (i.e.,
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increased expression of fibronectin and pro-collagen III) than a cells only approach and the
control condition (Quinchia-Johnson et al., 2010).

Atelocollagen, a biomaterial found in a few recent reports, is derived from calf dermis and
can be degraded in vivo by endogenous collagenase at a slower rate than collagen scaffolds.
It can be used for tissue engineering purposes in an unmodified form (Lee et al., 2006), made
into a sponge (Ohno et al., 2009) or into a gel (Kanemaru et al., 2003). Adherence of cells to
the material is an important criterion for potential scaffold biomaterials. Approximately 20%
of BM MSCs initially adhered to an atelocollagen sponge in wvitro, with significant
proliferation noted on days 3 and 5 (Ohno et al., 2009). The authors credited the cellular
entry to the large pore size. BM MSCs labeled with a fluorochrome and seeded within a 1%
hydrochloric acid atelocollagen gel were found to have “good proliferation” in vitro
(Kanemaru et al., 2003). Similarly, “ a large number” of fluorochrome-labeled cells were
observed in canine vocal folds eight weeks after having been injected with ASCs within an
atelocollagen scaffold (Lee et al.,, 2006). Despite this, atelocollagen has the distinct
disadvantage of being an animal derived substance, which brings with it the threat of
immune response activation or transmission of an endogenous retrovirus.

A third reported scaffold biomaterial for vocal fold stem cell applications is fibrin. Long et
al. (2009, 2010) was able to demonstrate in vitro that a fibrin-based construct seeded with
ASCs have good physical integrity and handling characteristics, slow degradation patterns
and an ability to support cell viability. Recent findings demonstrate that these constructs
have the elastic modulus and collagen orientation similar to native vocal mucosa, and are
able to withstand oscillation when sutured onto an excised cadaveric larynx on top of pipe
through which air can flow (Long et al., 2010). See Figure 4.

4 J

Fig. 4. Reprinted from Otolaryngology-Head and Neck Surgery, Vol. 142 /No. 3, Long, J.L.,
Neubauer, J., Zhang Z., Zuk, P., Berke, G.S., Chhetri, D.K. Functional testing of a tissue-
engineered vocal fold cover replacement, 438-440, 2010, with permission from Elsevier.
Native vocal fold cover of cadaveric larynx has been replaced with a tissue engineered
construct and vibrated with air from an underlying pipe. Arrows mark the edges of the
construct. The top of images is the anterior commissure. These images were captured with a
high speed camera.
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An optimal scaffold for stem cell applications for vocal fold regeneration would be
noninflammatory, nonimmunogenic, encourage adherence and viability of resident cells,
support appropriate cell-cell signaling, biodegrade at an acceptable rate, remain intact
during investigator handling, as well as be able to sustain vocal fold vibration. The scaffold
materials listed previously have demonstrated some of these attributes in animal models,
but applications in conjunction with stem cell approaches is scant, currently. There exists a
great opportunity to advance vocal fold regeneration strategies by finding an optimal
scaffold to deliver cells and growth factors.

3.4 Growth factor delivery

To date, the delivery of only a few growth factors, including epidermal growth factor (EGF)
fibroblast growth factor (FGF) and hepatocyte growth factor (HGF) have been investigated
within MSC-based therapies for vocal fold regeneration. All of this work has been
completed in vitro.

The effect of soluble signaling has been used to examine the differentiation potential of
ASCs. A bilayered, three dimensional construct was created in vitro by seeding ASCs within
fibrin hydrogels, and once gelation was complete, additional ASCs were added directly on
top. When EGF, FGF and retinoic acid were added to the media surrounding these
constructs, it was found that EGF encouraged differentiation of ASCs into epithelial cells
more efficiently than the other soluble signals (Long et al., 2009). The authors found that the
cells on the top, epithelial-like surface stained positive for E-cadherin and cytokeratin 8,
epithelial phenotype markers. It was found that these cells differentiated along this lineage
only when they had an air interface and exposure to EGF. Interestingly, the authors
hypothesized that mechanotransduction may have also played a role in differentiation, as
the cells were cultured on a matrix with similar stiffness to the lamina propria. The cells on
the inside of the hydrogel stained positive for vimentin, a cytoskeletal protein expressed by
cells of mesenchymal origin. It should be noted that during the two week culture period, the
epithelial cells did not form a confluent layer, suggestive of reduced efficiency of
differentiation and proliferation of epithelial cells.

HGEF is known to have strong anti-fibrotic activity, and has been investigated in the voice
literature as a stand-alone injection to remediate vocal fold scarring in an animal model
(Hirano et al., 2004). In this study, the HGF treated vocal folds had improved rheometric
measurements and less collagen deposition than the scarred, untreated vocal folds. In the
MSC literature, HGF has been implicated as being secreted by ASCs and encouraging an
anti-fibrotic extracellular matrix profile when they are in co-culture with scar fibroblasts
(Kumai, 2009). Following vocal fold scarring, ASCs and scar fibroblasts (SF) were isolated
from male ferrets, and then co-cultured in a variety of conditions to investigate their
relationship with HGF. In order to demonstrate that HGF was one of the growth factors
implicated in reducing the production of collagen, a neutralization assay was used.
Following four days of co-culture of ASCs and SFs with an anti HGF antibody in the
medium, the SFs had significantly higher amounts of collagen secretion than in the control
condition. This condition did not affect HA secretion, and thus it was concluded that the
HGF secreted by ASCs encourages the anti-fibrotic profile of SFs by downregulating
collagen production, but not by upregulating HA production. Additionally, the authors
suggested that a tissue engineering construct delivering HGF through ASCs to the vocal
fold microenvironment rather than through an exogenous agent is preferable because of the
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slow release associated with having residency in the tissue and the potential activation of
concurrent endogenous facilitatory factors. So, while there have been few studies of
introducing growth factors exogenously to tissue engineering for vocal fold regeneration,
endogenous growth factors are often thought to be present.

4. Future directions

4.1 Bioreactors

Bioreactors provide ex vivo mechanical stimulation that mimics a specific tissue’s
microenvironment for cells in media. With regard to laryngeal research, bioreactors can
provide a unique model for studying the effects of vibration (similar to phonation) on cells
in a controlled environment. For the custom designed bioreactors currently used in this line
of research, frequency, amplitude and duration of vibration and tension of the substrate
which cells are adherent to can often be programmed according to the experimental
question of interest. There are many potential applications of this technology, including
examination of the effects of dosage of vibration on cells of various laryngeal diseases,
investigation of scar fibroblast activity at varying time intervals post laryngeal surgery (to
inform recommendations about when to resume voicing post-operatively) and to compare
the effects different laryngeal configurations during phonation on healing (to mimic
different voice therapies at the cellular level), etc.

While there have been several reports of the effects of stem cell therapies on ECM
production, few studies have investigated the mechanisms for encouraging specific vocal
fold ECM profiles. Bioreactors may provide a mode of inquiry toward these ends.
Interestingly, recent literature suggests that fibroblasts are able to convert mechanical
stimuli into ECM modifications, and thereby induce tissue remodeling via
mechanotransduction (Ingber, 2006). Recent voice research using bioreactors have found
significant vibration induced changes in the ECM profile. For example, human dermal
fibroblasts vibrated in hydrogels for periods of five and ten days demonstrated increased
expression of HA synthase 2, decorin and fibromodulin (Kutty & Webb, 2010). Human
laryngeal fibroblasts vibrated for periods between 1-21 days showed an increased
production of fibronectin and collagen type I (Wolchok et al., 2009). Finally, human vocal
fold fibroblasts vibrated for 6 hours showed an upregulation of fibronectin and HA-
associated genes (Titze et al., 2004). Comparison of the ECM produced by multiple cell types
exposed to vibration that mimics phonation may help scientists determine an optimal cell
source for vocal fold bioengineering.

Currently bioreactors provide a research model, but in the future they may be utilized in
therapeutic inventions. It may be found that cells can be primed in a bioreactor to create an
optimal ECM profile before they are implanted into an organism with scarring or other
vocal pathology. The use of bioreactors is a promising line of research that could shape
future tissue regeneration approaches.

5. Conclusion

The regenerative potential of vocal fold tissue is a topic that is currently being investigated
by an increasing number of teams internationally. While the literature to date has merely
scratched the surface of the basic parameters involved in laryngeal tissue engineering, there
is great opportunity for advancement of the knowledge base with the advent of high
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throughput experimental techniques, systems biology approaches and their associated
statistical analysis. These developments allow for more efficient and comprehensive
assessments of cell/scaffold interactions and ECM production profiles. Current themes in
the literature include morphological and rheological outcomes of cell based therapies and
how to use scaffolds and bioreactors to encourage optimal ECM regeneration. Future topics
may include how to encourage efficient differentiation into epithelial cells via signaling
mechanisms, how to engineer confluent and distinct layers that mimic normal vocal fold
anatomy, how to induce angiogenesis that will be able to withstand vibration without
hemorrhage and how to innervate the tissue.
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1. Introduction

Progress of mankind has always been related to the development and construction of new
machines. In the last decades, science and technology have been involved in a race to
increase the capacity of novel machines as well as in a progressive miniaturization of their
parts. Further efforts to design and construct machines at the nanometer scale will lead to
new and exciting applications in medicine, energy and materials. However, until now every
attempt to build artificial systems at the molecular level with complex functions pales beside
the Nature’s molecular machines at work. Myosin and kinesin enzymes responsible of
muscle contraction, ATP synthase and cellular transport are all examples of Nature’s ability
to provide living systems with complex machinery whose structures and detailed
mechanisms we are just starting to unveil. Thus, by learning from Nature, we will be able to
make use of the excellent properties refined by slow evolution.

When we mimic Nature, we try to duplicate some of the features found in biological
systems using synthetic analogues. Taking natural molecular machines as a starting point,
we will try to design, synthesize and explore biomimetic artificial machines. Located at the
interface between biology, physics and chemistry, the task of mimicking Nature’s results
will need combined efforts from different disciplines and the use of every possible tool from
theoretical calculations to advanced synthetic chemistry and structural characterization.

In this chapter we will briefly review some of the better-known natural molecular machines
as an inspiration for the design of biomimetic artificial machines. Specifically, the structure and
function of the retinal molecular machine will be discussed. Taking the Nature’s work as a
starting point, we will specify some of the requirements to build efficient molecular machines,
such as controlling the motion at the molecular level and the energy supply. We will use these
concepts to design a set of retinal-based biomimetic chemical switches. Comparison between
the synthetic and biological structures allows to gather a better understanding of both systems
together with some suggestions for further improvements. Some practical applications will
also be presented together with an outlook for the near future.

2. Why mimic Nature’s work?

Science ability to design, build and manipulate devices of increasing complexity has allowed
mankind to reach and occupy every corner of Earth. We are now able to fly through air and
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to cleave through the waves. We have developed new materials with enhanced properties.
We have built machines capable of performing complex functions. However, we should
bear in mind that Nature had solved most of these problems time ago (Ball, 2001). Even
more, Nature solutions are usually more complex, elegant and efficient that the human
equivalents. For example, some natural materials are designed to be hard and strong
enough to protect living organisms, such as those forming shells and bones (Smith, 1999).
Beyond their excellent mechanical properties (Wainwright, 1982), these materials are usually
the most economic choice from a biological point of view, thus allowing the living organism
to save energy and components for other important biological functions. Mankind has taken
advantage of natural materials, but always has tried to emulate or improve Nature’s design.
For instance, silk is one of the strongest natural fibers. It is made up of the aminoacid series
Gly-Ser-Gly-Ala forming beta-sheets with hydrogen bonds between chains. The high
proportion of glycine allows the fibers to be strong and resistant to stretching. Thousands of
years ago, Chinese recognized the remarkable properties of silk and tried to emulate them
looking for an artificial silk (Kaplan & Adams, 1994). However, it wasn’t until 1890's when
the first artificial silk (viscose) was produced from cellulose. With the emerge of bionics in
the 20th century, research on systems based upon or similar to those of living organisms
allowed new types of bioengineered devices. A rapid growth in interest followed on
learning how living systems achieve high degrees of organization, synthesize materials with
exceptional properties and develop complex devices to interact with the environment.
Scientists have drawn their bioinspiration in two main ways. On one hand, a biological
system could be used in a synthetic system as is. Using this approach, the system’s
functionality is transferred to an artificial construction in order to use its properties in a new
way, even completely diverse from its original one (Willner 2002). For instance, DNA has
been employed in recent years for new and exotic uses, very different from its biological role
such as using selective bonds between complementary DNA sequences to link particles to
surfaces. On the other hand, Nature’s work can be emulated trying not only to use or
understand how biological systems work, but also to use them in artificial devices with new
and improved properties (Sarikaya & Aksay, 1993; Mann, 1996). Taking biological systems
as a starting point, scientists try to identify the key factors behind their structure and
function to build new systems with different, improved or more controllable properties.
Nature has also developed great examples of efficient machinery. Over millions of years of
refinement, living organisms show a number of biomechanical machines much more
capable than our synthetic prototypes. Responsible of innumerable biological processes,
these biomolecular motors and machines are nanoscale versions of macroscopic machines
that we use every day. From these biomolecular machines, we could learn how to efficiently
design our own versions of nanoscopic devices. Our goal could be to mimic Nature at first
and, why not, try to improve the properties of these systems or at least to adapt them to our
specific needs. In the next section we will briefly present some natural machines. Learning
how these machines work, we will be able to design and build biomimetic artificial
machines exploiting the slow evolutionary Nature’s work.

3. Natural molecular motors

The way macroscopic machines and motors are regarded can be extended to a molecular
level (Balzani et al., 2008). In the last 50 years, Nanotechnology has advanced in the study of
machines at the microscopic grade, which are constructed by a “bottom-up” approach.
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However, different examples of nanoscale machinery can be found in Nature. Specifically,
cells house hundreds of different molecular machines and motors, each of them specialized
for a particular function. These nanomachines are primarily composed of proteins, nucleic
acids and other organic molecules. In order to work, energy is needed, so these natural
molecular machines and motors convert chemical energy stored in chemical bonds or
gradients across membranes into mechanical energy. They are involved in a multitude of
essential biological processes, such as transport of cations (i.e. H*, Ca*, K*), synthesis of ATP,
and muscle contraction. In the following paragraphs, different examples of natural
molecular machines and motors are described.

3.1 Natural metal ion channels

Cells require the passage of cations such as Na*, Ca* and K*, across their membranes, so they
can be distributed to their components. However, this process is prevented by the existence of
membranes that protect the contents of cells. Therefore, cation transfer has to take place either
by carriers or through ion channels. Carriers are hosts molecules that are embedded in the
membrane and help cations to go through the membrane by means of complexation. The rate
of this transport mechanism is relatively slow, because it is limited by diffusion. On the other
hand, ion channels are membrane proteins that form aqueous ion-conduction pathways
through the center of the protein and expand the cell membrane so the ions can move across.
These protein channels are found to transport ions faster than a carrier. As an example of a
natural ion channel, the mechanism of a light driven proton pump, bacteriorhodopsin, a
membrane protein of the halophilic microorganism Halobacterium salinarum is described below
(Subramaniam & Henderson, 2000; Kiithlbrandt, 2000).

Bacteriorhodopsin, consists of seven membrane-spanning helical structures linked by short
loops on either side of the cell membrane. It also contains one molecule of a linear pigment
called retinal that is covalently attached to the protein via a protonated Schiff base. The
retinal chromophore, which will be further studied in section 3.5, suffers an isomerization
from all-trans to 13-cis upon illumination. This structural change is used by the Schiff base to
push a single proton through the seven-helix bundle, from the inside of the cell to the
extracellular medium, being subsequently reprotonated from the cytoplasm. Therefore, in
this particular movement, the retinal chromophore acts as a valve inside of the cell
membrane of this organism.

3.2 ATP synthase

As it was stated before, energy is required in order for the molecular machines and motors
to work. They are usually fueled by the energy stored in cells. Two of the most common
energy repositories of cells are in the phosphate bonds of nucleotides, generally ATP
(adenosine triphosphate), and in transmembrane electrochemical gradients. Synthesis of
ATP is carried out by the enzyme ATP synthase, which is a natural rotary motor that uses
both kinds of the energy sources mentioned above (Metha et al.,, 1999). This protein is a
multidomain complex consisting of two units attached to a common shaft: a hydrophobic
proton channel (Fo) embedded in the mitochondrial membrane and a hydrophilic catalytic
unit (F;) protruding into the mitochondria. The complex can be thought of as two rotary
motor units coupled together. The F; motor uses free energy of ATP hydrolysis to rotate in
one direction whereas the Fy motor uses the energy stored in a transmembrane
electrochemical gradient to turn in the opposite direction. The F1Fo-ATP synthase is reversible;
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whereas the full enzyme complex can synthesize or hydrolyze ATP, F; in isolation only
hydrolyzes it. This depends on the driven force of the movement. When Fy takes over, which is
the normal situation, it drives the F; motor in reverse producing the synthesis of ATP from
ADP and inorganic phosphate. However, when F; motor controls the rotation, it drives the Fo
motor in reverse, becoming an ion pump that moves ions across the membrane against the
electrochemical gradient. Rotation of F; was demonstrated by directly observing the motion of
a fluorescent actin filament specifically bound to the rotor element (Noji et al., 1997). Also,
discrete 120° rotations were observed under low ATP concentrations and with actin filaments
of variable length (Yasuda et al., 1998). Moreover, they estimated the work required to rotate
the actin filament against viscous load to be as much as 80 pN nm, which is approximately the
free energy liberated by a single ATP hydrolysis under physiological conditions. Therefore,
they concluded that the Fi-ATPase could couple nearly 100% of its ATP-derived energy into
mechanical work, so it was considered a really efficient motor.

3.3 Kinesin and myosin

Linear-like movements are essential in Nature, because they are related to intracellular
trafficking, cell division and muscle contraction (Goodsell, 1996; Howard, 2001). Therefore,
one of the main classes of biomolecular motors is linear motors. These are organic molecules
or molecular assemblies which move in a linear fashion along a track of some kind. The first
type of linear motor is a processive motor, which is constantly in contact with the track it
moves along. Processive motors are exemplified by the kinesin protein super-family that
moves along microtubules (Schliwa & Woehlke, 2001). RNA polymerase, which synthesizes
new RNA from a single strand RNA template (Gelles & Landick, 1998), and DNA helicase,
which translates along and unwinds DNA in preparation for new DNA synthesis (Lohman
et al., 1998), are also linear processive motors.

In addition to processive motors, there are also non-processive motors, which detach from
the track and subsequently re-attach, and therefore can be seen as hopping along the track
instead of walking. Non-processive linear motors include myosin (Yildiz et al., 2003), which
binds to actin filaments and generates the contractile force in muscle tissue (Irving et al.,
1992), as well as the dynein protein family that transports cargo along microtubules in the
opposite direction to kinesin (Taylor & Holwill, 1999).

Conventional kinesin is a protein assembly whose total size is approximately 80nm. It is
composed of two larger protein chains, which are involved in microtubule binding,
mobility, ATP hydrolysis and protein dimerization, as well as two smaller protein chains,
which regulate heavy chain activity and binding to cargo. Kinesin transports cargo along
microtubules, self assembled from monomeric proteins, using a walking-like motion with 8
nm steps (Svoboda et al., 1993). Each of these steps is coupled to the hydrolysis of an ATP
molecule, which provides the chemical energy for motion (Coy et al., 1999). It moves with a
high speed of about 1.8 um s, and can move against loads of 6 pN. Kinesin is one of the
most widely studied motor proteins, and it can be easily modified by genetic engineering
and incorporated into a variety of synthetic systems. Microtubules may be bound to a
substrate while retaining their structure and function (Turner et al., 1995). Then, molecules
functionalized with kinesin can be shuttled along the tracks by the addition of ATP (Diez et
al., 2003). It is possible to align microtubules by fluid flow, allowing the kinesin-powered
cargo to move in a directional fashion.

The term myosin refers to at least 14 classes of proteins, each containing actin-base motors.
Myosin is composed of two large heads, containing a catalytic unit for ATP hydrolysis,
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connected to a long tail (Metha et al., 1999). Myosin II (skeletal muscle myosin) provides the
power for all our voluntary motion (running, walking, etc.) and involuntary muscles (i.e.
beating heart). In muscle cells, many myosin II molecules combine by aligning their tails, each
staggered relative to the next. These muscle cells are also filled with filaments of actin (helical
polymers), which are used as a ladder on which myosin climbs. The head groups of myosin
extend from the surface of the resulting filament like bristles in a bottle brush. The bristling
head groups act independently and provide the power to contract muscles. They reach from
the myosin filament to a neighboring actin filament and become attached to it. Breakage of an
ATP molecule then forces the myosin head into a radically different shape. It bends near the
center and drags the myosin filament along the actin filament. This results in the power stroke
of muscle contraction. In a rapidly contracting muscle, each myosin head may stroke five times
a second, each stroke moving the filament approximately 10 nm. Besides muscle contraction,
myosin II is also involved in several forms of cell movement, including cell shape changes,
cytokinesis, capping of cell surface receptors, and retraction of pseudopods (Spudich, 1989).
Myosin II shares many structural features with kinesin. Both use ATP to move along their
respective tracks, but as it was said in previous paragraphs, myosin II is a non-processive
motor, which means that a single molecule cannot move along its track for large distances so
organized ensembles of molecules can move their track at higher speeds. Myosin is thought to
undergo a conformational change when it binds to actin, resulting in a “working stroke.”

The myosin-actin system can also be used to produce the same effect as the one described for
kinesin (Harada et al., 1997). As myosin is larger than kinesin, and actin filaments are more
flexible than microtubules, more freedom is allowed in the design of synthetic systems.

3.4 Other molecular machines

In addition to linear and rotary motors, Nature has devised many other types of

nanomachines, such as:

- Springs: The spasmoneme supra-molecular spring is an example of a biological version
of a spring (Mahadevan & Matsudaira, 2000). Thanks to the binding and removal of
calcium these filaments cause a reversible contraction and extension that is used by the
organism for his protection.

- Hinges: Some proteins, such as the maltose-binding protein, have been found to
undergo hinge-like conformational changes when binding a ligand. As a result, a very
sensitive maltose sensor can be constructed in vitro (Benson et al., 2001).

- Spindles: The mechanism that some viruses use for packaging their DNA into the viral
capsid is analogous to a spindle used for spinning yarn.

- Electrostrictive materials: Presin is a motor protein that resides in the inner ear, whose
shape responds to changes in electrical potential across membranes (Liberman et al.,
2002). Prestin’s electroselective mechanism is responsible for sound amplification and
results in a 1000-fold enhacement of sound detection.

3.5 Retinal chromophore

One of the most remarkable examples in Nature of a molecular motor is the retinal
chromophore of rhodopsin, which suffers a cis-trans photoisomerization during the process of
vision (Kandori et al., 2001). Rhodopsin, is a photoreceptor protein (a visual pigment), which is
located in the rod visual cells responsible for twilight vision. Rhodopsin has 11-cis retinal as its
chromophore (Figure 1), which is embedded inside a single peptide transmembrane protein
called opsin. The role of rhodopsin in the signal transduction cascade of vision is to activate
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transducin, a heterotrimeric G protein, upon absorption of light (Hofmann & Helmreich, 1996).
Rhodopsin (opsin), a member of G-protein coupled receptor family, is composed of 7-
transmembrane helices. The 11-cis retinal forms the Schiff base linkage with a lysine residue of
the 7th helix (Lys296 in the case of bovine rhodopsin), and the Schiff base is protonated, which
is stabilized by a negatively charged carboxylate (Glu113 in the case of bovine rhodopsin). The
bionone ring of the retinal is coupled with hydrophobic region of opsin through hydrophobic
interactions (Matsumoto & Yoshizawa, 1975). Thus, the retinal chromophore is fixed by three
kinds of chemical bonds in the retinal binding pocket of rhodopsin.

In the absence of visible light, retinal presents a cis conformation between its carbons 11 and
12. However, when 11-cis-retinal absorbs visible light (A between 400-700 nm),
photoisomerization of this double bond takes place to give a trans conformation. Picosecond
time-resolved spectroscopy of 11-cis locked rhodopsin analogs reveals that the cis-trans
isomerization of the retinal chromophore is the primary reaction in the process of vision,
and it is followed by a conformational change in the rhodopsin protein, which generates an
electric impulse that reaches the brain, so objects and images can be perceived.

(%)

11-cis-retinal

Visible light

4 11-trans-retinal

Fig. 1. Chemical structure of the retinal chromophore in rhodopsin

It is known that the cis-trans isomerization is highly efficient in rhodopsin (quantum yield,
Disom= 0.67, Dartnall, 1967), which is essential to make twilight vision highly sensitive. In
fact, a human rod cell can respond to a single photon absorption. Such an efficient
photoisomerization of the retinal chromophore is characteristic in the protein environment
of rhodopsin, being in contrast to the rhodopsin chromophore in solution. This indicates
that the protein environment facilitates the isomerization.

In order to mimic Nature’s molecular machines, the molecular structure of the retinal
chromophore may be used as a pattern for the design of new prototypes of molecular
motors, whose movement is based on cis-trans photoisomerizations. Therefore, molecular
motors that work efficiently may be obtained.

4. Artificial molecular machines

As stated before, two different approaches can be adopted in order to design practical
biomimetic molecular machines. The first approximation is to introduce natural molecular
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machines, such as those shown in section 3, into artificial devices. This way, new hybrid
machinery could be built combining the efficiency of natural machines with new
applications and uses of these hybrid devices. In fact, several examples of this approach
have already been developed (Steinberg-Yfrach et al., 1998; Soong et al., 2000; Hess et al.,
2004). The other possibility is to use the natural systems as an inspiration and starting point,
trying to adjust their properties to specific needs or even trying to improve their
performance. In order to design efficient artificial molecular machines, some key factors
should be considered. For instance, some basic questions such as size, medium of operation,
type of motion and time scale, to cite a few should be carefully considered in the design.
Especially important is the energy supply to make the machine work. In this section we will
summarize some of these factors.

4.1 Basic concepts

Molecular machines (both natural or artificial) are devices designed to accomplish a specific
function. This function is achieved by converting energy into mechanical work. Molecular
devices operate via electronic or nuclear rearrangement that have to be controlled beyond
the Brownian motion (Astumian, 2005).

As explained in previous paragraphs, different types of motion may be performed by the
machine components (oscillatory, linear, rotatory,...). Therefore, the machine should be
carefully designed in order to maximize the desired movement while minimizing other
competitive motions that would diminish efficiency of the machine. For instance, rotary
movement might be achieved using rotations around covalent bonds.

However, not only is important to control the movement of the components of the machine,
but also to monitor this movement. In order to achieve this, the electronic or nuclear
rearrangements should cause a change in a physical or chemical property that could be
measured. In particular, we will see later how the use of light is especially convenient as it
can be used both to operate the machine and to monitor the state of the system.

Moreover, a machine capable of cyclic process will be much easier to control and operate. In
the case of devices unable to repeat the operation, an external stimulus different from the
energy input, should be used to reset the system. This will clearly contribute to slow down the
machine operation and increase the complexity of the system. On the other hand, a machine
that can operate in a cyclic way could become autonomous, which means that it would keep
operating in a constant environment as long as the energy source is still available. Most of the
natural machines are autonomous while the majority of artificial devices need a reset. This is
one of the main advantages of natural devices that artificial analogues should try to mimic.
Finally, the time scale of the process is also relevant. The time of operation of a molecular
machine depends on the type of rearrangement, the components involved and the medium
surrounding the machine. The time scale can range from picoseconds to seconds. Thus,
other properties such as the type of motion and the property to be monitored should also be
in a similar time scale.

4.2 Energy supply

A key factor in the design of efficient molecular machines is the energy supply. As said
before, molecular machines act through rearrangements caused by suitable stimuli that
eventually convert energy into mechanical work. The nature of these stimuli determines not
only the chemical nature of the machine, but also the type of motion and the control of the
movement (Balzani, 2008). As we have seen in the previous section, most of natural
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machines are activated by chemical stimuli. Proton concentration, ion gradients or
interaction with molecules can affect (either activating or deactivating) the machine’s
operation. However, for a machine activated by chemical energy, it has to be considered also
the need for an effective removal of waste products formed during the machine’s operation.
This fact implies serious limitations in the design and function of artificial molecular
machines based on chemical stimuli (Khramov et al., 2008).

Perhaps the simplest stimulus to activate a machine is temperature. For example, the
activity of an enzyme can be seriously affected by a temperature increase causing small
conformational changes (Min et al., 2005). However, using heat as the energy supply has
some serious drawbacks as it is quite difficult to control (both in terms of time and location)
and heat dissipates quite rapidly.

Even though it is difficult to employ mechanical forces as an adequate stimulus in artificial
systems, this kind of energy supply can be observed in natural devices. For instance, the
sense of hearing and touch rely on the effect of mechanical forces.

The ability of electrochemical inputs to produce endergonic and reversible reaction has also
been exploited in order to design devices activated by these inputs (Kaifer & Gémez-Kaifer,
1999). Therefore, heterogeneous electron transfer processes can be used to operate molecular
machines with some advantages, such as the absence of waste products to remove and the
allowance of electrodes of a very efficient interface between the molecular-level device and
the macroscopic world.

Finally, light is probably the most advantageous stimulus as it lacks most of the drawbacks
shown by other types of energy inputs. There are no waste products, it is easily controlled
by modern optical apparatus, it shows high temporal and spatial resolution with the use of
lasers, and precise selection of wavelength allows the selective operation of the device in
complex media. Photochemical inputs can be used at the same time to operate and control
the machine motion, which facilitates both the design and function of the device. To be more
specific, probably the simplest and most used type of reaction to activate a light-driven
molecular device is an isomerization reaction.

5. Retinal-based molecular switches

We have seen in previous sections how the combination of advanced synthesis,
supramolecular chemistry, surface science and molecular biology can provide exciting
opportunities toward the development of smart molecular materials and machines (Feringa,
2007). In this section we will review some of the work done on the artificial molecular
switches based in the retinal chromophore, one of the best natural examples of efficient
molecular machinery.

5.1 Basic features and design

Molecular switches and motors are essential components of artificial molecular machines. In
fact, switchable molecular systems are molecules which respond to external stimuli and
constitute several examples of how simple concepts can be built upon to yield properties
with a very wide range of applications. In 1999, a biarylidene molecule was synthesized
that uses chemical energy to activate and bias a thermally induced isomerization reaction,
and thereby achieve unidirectional intramolecular rotary motion. This one was the first
example of a molecular motor able to do photo-induced isomerizations repetitive and
unidirectional. (Komura et al., 1999).
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Many advances have occurred from that moment in order to improve the performance of
these nanostructures (Vicario et al., 2006). Special emphasis is given to the control of a range
of functions and properties, including luminescence, self-assembly, motion, color,
conductance, transport, and chirality. Currently, the design and preparation of molecular
switches, i.e. molecules that can interconvert among two or more states, based on
photochemical cis/trans isomerization constitute an attractive research target to obtain novel
materials for nanotechnology (Amendola, 2001; Drexler, 1992; Balzani et al., 2008). Indeed,
switches based on the photoisomerization of the azobenzene chromophore have been
already used to control ion complexation (Shinkai et al., 1983), electronic properties
(Jousselme et al, 2003) and catalysis (Cacciapaglia et al, 2003) or to trigger
folding/unfolding of oligopeptide chains (Bredenbeck et al., 2003). Most remarkably, a
sophisticated application of the above principle led to the preparation of light-driven
molecular rotors (Feringa, 2001) where chirality turned out to be an essential feature to
impose unidirectional rotation. In these systems helical bis-arylidene scaffolds featuring a
single exociclyc double bond have been employed to achieve photo-induced unidirectional
rotary motion. Thanks to the structural changes in these compounds, the rotational velocity
is now comparable with those natural ones (i.e. ATP-synthase, see section 3). Among the
most natural amazing examples is the cis / trans isomerization of retinal chromophore
(rhodopsin protein) in the process of vision (Figure 2) (Gennadiy et al., 2005).
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Fig. 2. Rhodopsin protein and retinal chromophore.

As said before, rthodopsin (Rh) is a red-coloured protein due to the 11-cis-retinal. The
chromophore is bound to the hydrophobic core of the molecule, causing its absorption
maximum at approximately 380 nm. The chromophore is covalently linked to Lys296 in
bovine rhodopsin through a protonated Schiff base (PSB11, Teller et al., 2001). The process
of vision takes places due to the cis-trans isomerization which is activated by photons of
visible light (400-700 nm). This molecular movement triggers an electric impulse to the brain
in femtoseconds. Due to the high efficiency of retinal in vivo isomerization, it has been
comprehensively studied and used as a model to the design of many light driven molecular
switches. While it has been established that the efficiency of the PSB11 isomerization
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reaction is enhanced by the complex protein environment, an interesting modification is to
design a non-natural protonated Schiff base (PSB) capable of replicating in solution the
properties of the protein-embedded chromophore. Thus, PSBs of polyenals constitute a class
of light-driven switches selected by biological evolution that provide a useful model for the
development of artificial light driven molecular switches or motors.

In spite of the increasing interest in these systems, few works of switches based in this
mechanism have appeared in literature. In 2004, a new family of retinal-based molecular
switches was designed and synthesized (Sampedro et al., 2004). These molecular systems
based in the retinal chromophore included an N-alkylated pirroline (NAP) moiety and
presented some of the features of an efficient light-driven molecular switch (Figure 3).
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Fig. 3. N-alkylated pirroline (NAPs) molecular switches.

NAPs and other derivates are “chimerical” switches that incorporate into the Feringa’s
biarylidene skeleton a protonated or alkylated Schiff base function that could potentially
replicate the dynamics of the PSB11 isomerization in Rh. One of the characteristic features of
these compounds is the quaternization of nitrogen atom, searching for a similarity to the
retinal chromophore in vivo. However, one of the principal problems of NAP switches is
their low quantum yield (6x10-3). This result is due to the fact that some energy is not used
in the photoisomerization process, but in the isomerization of other bonds different from the
central double bond. In general an effective light-driven molecular switch should optimize
their performance in order to use all the light energy in a mechanical, controlled way.

Thus, among other important features, an efficient molecular switch must have in its
structure a double bond capable of selective photoisomerization in the presence of other
bonds. Using the retinal chromophore as a starting point and inspiration, the challenge is to
design and synthesize systems that can act as light-driven molecular switches.

5.2 Synthesis
A set of molecular switches with the NAPs substructure was synthesized using the
following route (Figure 4):

O NaQSZOg/NaoH p-R Ph-CHO TfOMe
N cat. AgNO3 c /l:>
H

R= -H, -OMe, -NO,
Fig. 4.

The main drawback of these compounds is the presence of different bonds able to isomerize.
Due to this, the quantum yield of isomerization around the central double bond is quite low.
In order to solvent this problem, a new type of compound with an N-alkylated fluorenylidene-
pyrroline (NAFP) substructure was designed. Isomerization in these compounds is selective as
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only the C=C central bond can rotate. Besides, the extended conjugated 7 system allows for
absorption bands in the visible (Figure 5, Rivado-Casas et al., 2009).

=Ry=-H M=W, Cr
R1 =-H, Ry= -COZCH3
Ry = -CO,CHj, R, = -H
R3 = -CH(CH3)2, -(R)CHPhCH3,
-(S)CHPhCH; -(S)CH(i-Pr)CH,

Fig. 5. NAFP light-driven molecular switches.

This new family satisfies some of the features of an ideal molecular switch:
i.  selective isomerization (five-membered rings block competitive isomerizations);
ii. high quantum yield;
iii. linking points present in the molecule.
Using NAFPs it is possible to achieve biomimetic light-driven switches where the
absorption maximum of an unsubstituted system has been red-shifted by >50 nm with
respect to that of the NAPs and rotation is now easily achieved by using visible light.
The new structures are one type of biomimetic light-driven Z/E molecular switches that
constitute an attractive alternative (e.g. with higher polarity and reduced molecular size) to the
previously used azobenzene switch. It should be noted that the cis/ trans nomenclature used in
the case of the retinal chromophore becomes ambiguous when referring to NAFPs. In this case
the use of the Z/E terminology is necessary, but both refer to the same isomerization reaction.
Another advantage was the synthesis of chiral molecular switches potentially acting as
molecular motors. Moreover, the chiral compounds constitute one of the first examples of a
potential light-driven biomimetic single molecule motor whose Z—E and E—Z rotation
direction are ultimately determined by the absolute configuration of the stereogenic centre.
A different group of switches with an N-alkylated indanylidene-pyrroline (NAIP) moiety
were also synthesized (Lumento et al, 2007). These compounds display in solution
properties similar to the Rh-embedded PSB11 (Figure 6).
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Ry =-OMe, -H
Fig. 6. NAIP molecular switches.

All these compounds (NAPs, NAFPs y NAIPs) show features that in some cases clearly
improve those shown by the most popular azobenzenes. Activation may be achieved using
low-energy vision light (NAFPs), the length of the indane-pyrroline framework is shorter
and may be more easily integrated in a biological compound, such as in a peptide backbone,
and they all have good photochemical and mechanical properties. Therefore, they are
appropriate candidates to act as molecular light driven switches.
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5.3 Properties
Retinal-based switches incorporate into the biarylidene skeleton a protonated or alkylated
Schiff base function that could potentially replicate the dynamics of the PSB11 isomerization
in Rh. This protein features a S; lifetime of 150 fs, a Sy transient (photorhodopsin)
appearance time of 180 fs, and a primary photoproduct (bathorhodopsin) appearance time
of 6 ps (Wang et al., 1994). This ultrafast reaction time scale and vibrational coherence
suggests that the reaction occurs without intermediates along the reaction path. These
intermediates could divide the proton energy up and so it would decrease the efficiency of
the switch. In an efficient switch, the reaction path from the excited state happens without
any intermediate, and the excited reactive quickly fall over to the product state.
NAIP derivates have been shown, through a highly interdisciplinary research effort
(Sinicropi et al., 2008) to be photochromic compounds completing its Z—E and E—Z
photocycle in picoseconds, a few orders of magnitude faster than the fastest known
biarylidene (= 6 miliseconds for a half-cycle, Vicario et al., 2006). This is in agreement with a
reaction path where the formation of the photoproduct takes place without any
intermediate, as in the case of the retinal chromophore in vivo. Thus, these biomimetic
switches constitute very efficient compounds as they show limited energy redistribution
and fast isomerization. Also, these compounds show high thermal interconversion barriers
(>40 kcal/mol). These barriers indicate that the E- and Z- forms will no thermally
interconvert at room temperature.
The high efficiency of this photoreaction is a clear improvement over switches based on
azobenzene. In rhodopsin, the photoisomerization of the native 11-cis-retinal chromophore
to its all-trans form occurs with a 0.67 quantum yield (Dartnall, 1967). This value is larger
than the 0.25 value measured for the same chromophore in ethanol solution (Becker, 1988)
and also larger than the approximately 0.39 value measured for the photoisomerization of
trans- and cis- azobenzene, respectively (Bortolus & Monti, 1979). However, the quantum
yields measured for NAFPs (0.5) are much closer to retinal chromophore in vivo. This
behaviour is also in agreement with a reaction path without intermediates.
One of the most remarkable properties of NAFPs is that these switches display absorption
maxima in the near visible region (Rivado-Casas et al., 2009). Specifically, they have an
absorption maximum of ca. 400 nm that is red-shifted compared to the NAPs derivates
(Lumento et al., 2007). This displacement is due to the replacement of the pyrroline unit of
NAPs with moieties displaying an expanded 1 system. This constitutes a clear improvement
over previous results and makes NAFP retinal-based molecular switches interesting
candidates for technological applications.
NAFP switches show also high stability, both thermal and photochemical. In fact, the degree
of photodegradation was assessed irradiating the switches. It was found that the TH-NMR
spectrum remained unaltered after long times (>24 hours), showing that the photochemical
decomposition of these molecules is minimal.
To summarize:
i. these switches are suitable for applications in highly polar environments while
azobenzene derivates are neutral with limited dipole-moment values;
ii. the length of the indane (or fluoren-pyrroline) framework is shorter that those of
azobenzenes and may be more easily integrated, for instance, in a peptide backbone.
iii. the photoisomerization of these switches happens in picoseconds (103 times faster than
azobenzene);
iv. their quantum yield is closer to retinal.
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5.4 Applications

The use of light to trigger changes in molecular systems has great importance in
biochemistry and medicine (Gorostiza & Isacoff, 2008). Systems based on the reversible
photoreactions of diarylethenes have advanced the area of “smart” materials. Their potential
use as components of molecular electronics, optical memories and variable-transmission
filters has been well documented (Irie, 2000). Their appeal is based on the fact that light can
be tuned to reversibly and specifically trigger optical and electronic changes such as colour,
emission and refractive index in materials that contain this versatile molecular architecture.
What are the potential applications of molecular switches, motors and machines is a question
asked frequently in the context of future technology based on (molecular) nanoscience. A
glance at the myriad of molecular machines on biology and the fascinating diversity of
processes is perhaps the best testimony to the prospects ahead. The first examples of
molecular motors and switches at work have already been reported (Browne & Feringa, 2006;
Kay et al., 2007; Stoddart, 2001; Harada, 2001). The fascinating idea of casting single molecules
capable to convert light energy into “mechanical” motion prompted chemists to develop, in
different contexts, systems capable of undergoing light-driven structural changes.

In fact, molecular switches based on photochemical Z/E isomerization have been employed
in different contexts to convert light energy into “mechanical” motion at molecular level
(Sauvage, 2001). In basically all applications, the induced motion results in a permanent or
transient conformational change of a molecular scaffold bounded to the switch. The spatial
asymmetry (i.e. the chirality) of the molecular framework of NAFPs, NAIPs and NAPs
determinates the direction (either clockwise or anticlockwise) of the E—-Z and Z—E
conformational changes leading, after sequential abortion of two photons, to a complete 360°
rotation.

One of the uses of these systems is their union to more complex structures. In fact, the
analysis and modulation of the conformation and function of biomolecules (e.g. ion
transport (Lougheed et al.,2004), protein folding (Fierz et al., 2007), cell signalling (Cordes et
al., 2006) and cell adhesion (Schiitt et al., 2003) with photochromic switches is an area of
increasing interest (Duvage & Demange, 2003). Among the photoisomerizable subunits for
the photomodulation of secondary structure elements in peptides and proteins,
photosensitive @-amino acids are highly promising candidates. @-Amino acids are non-protein
amino acids in which amino and acid groups are in opposite sides of a chain (Figure 7).

For instance, hemithioindigo w-amino acids (HTI) have shown favourable properties to use in
biological systems (Cordes at al., 2007). Photoswitchable amino acids can be used to reversibly
activate and deactivate a bioactive compound, and are therefore valuable diagnostic
instruments to study complex living systems using light. In fact, the structure of biomolecules
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Fig. 7. Use of NAFP switches for protein photomodulation.
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can be modified in a defined way using light, which opens a variety of fascinating new
applications in biology and medicine. The potential use of this strategy has been
demonstrated and has been already used to control physiological processes in living
organisms (Szobata et al., 2007), to activate or modify the expressions of enzymes or to
regulate their biological function. Rapid structural changes can also be induced in small bio-
molecules allowing direct experimental studies of the initial processes in protein folding
(Schrader et al., 2007).

6. Conclusions and outlook

Through this chapter we have reviewed some natural machines and what we can learn from
them in order to design and build our versions of artificial machines. Improving Nature’s
work is clearly a huge task, but we should not relinquish this intention. A careful exploration
of natural machines will lead not only to valuable information on how to design efficient
nanoscopic devices, but also will help us to understand how these natural machines work,
their advantages and weak points. However, we should bear in mind that biomimetism is
more than a slight resemblance to a natural structure. In Nature, the look or structure of
biomolecular machine, or any chemical structure in general, is far from being important. Any
natural structure responds to the necessity of survival of an organism. Thus, design and
synthesis are always subordinated to the accomplishment of this task without any unnecessary
expense. Bioinspiration will help us to rapidly improve our nanomachinery, but also the
design and construction of new nanoscopic devices and machines will facilitate our
understanding of these fascinating examples of natural engineering.

Although the application of retinal-based switches and derivates to the construction of
rotary motors will require further research work, computational and spectroscopic data
indicate that their photoisomerization dynamics replicates the behaviour of the PSB11 in Rh.
A particularly challenging issue is the control of molecular motion as the performance of the
motor will be essential in powering future nanoscale machines. The controlled directional
movement along a trajectory, the use of molecular motors as transporters for molecular
cargo, the construction of motor-powered nanomachines and devices that can perform
several mechanical functions and the design of smart switchable surfaces are just a few of
the developments that can be envisioned in the near future.

It is evident that this whole field is still in its infancy and offers a wide range of
opportunities for molecular design and discovery.
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1. Introduction

In recent two decades, research of underwater microrobots developed at a high speed. They
can be widely applied in the field of underwater monitoring operations including pollution
detection, video mapping, and exploration of unstructured underwater environments.
Based on the underwater monitoring, this kind of microrobot is of great interest for cleaning
the micro pipeline in the radiate area, getting samples from the seabed for archeology or
mining, and so on (Kim et al., 2005; Behkam & Sitti, 2006; McGovern et al., 2008). For
example, some underwater robots with screw propellers have been developed. However,
the electromagnetic structure of traditional motors is difficult to shrink. So, motors are rarely
found in this sort of application (Zhang et al., 2006a; Wang et al., 2008), and special actuator
materials are used instead. As a result, many kinds of smart materials, such as ionic polymer
metal composite (IPMC), piezoelectric elements, pneumatic actuator, shape memory alloy,
which can be used as artificial muscles, have been reported (Heo, 2007; Park et al., 2007).
Although problems such as electrical leakage, water safety, physical bulk, and high stiffness
persist in real applications, these smart materials have been widely used as actuators to
develop new type of microrobot.

Ionic polymer metal composite (IPMC) is an innovative material made of an ionic polymer
membrane chemically plated with gold electrodes on both sides. Its actuation characteristics,
such as suitable response time, high bending deformation and long life, have significant
potential for the propulsion of underwater microrobots. Flexible IPMC propulsion blades
operating at low driving voltages provide many new possibilities for underwater
locomotion applications (Lee & Kim, 2006; Nakadoi & Yamakita, 2006; Dogruer et al., 2007;
Punning et al., 2007; Liu et al., 2008). They have been widely used on soft robotic actuators
such as artificial muscles, as well as on dynamic sensors (Guo et al., 2008b; Ye et al., 2008).
Now, many kinds of underwater microrobots have been developed using IPMC actuators as
artificial muscles to propel the robots back and forth. They are widely used in swimming
microrobots as oscillating or undulating fins where fast response is required (Jung et al.,
2003; Guo et al., 2004; Kamamichi, 2006; Guo et al., 2007; Brunetto et al., 2008). IPMC
actuators are also used for underwater bipedal walking microrobots (Kamamichi et al., 2003;
Guo et al., 2006; Yim et al., 2007), and a kind of ion-conducting polymer gel film microleg
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with two DOF has been developed (Zhang et al., 2006c). In addition, a six-legged insect-
inspired underwater walking microrobot has also been described (Zhang et al., 2006d). For
the six-legged one, the driving forces on the left and right sides are different because of the
device’s asymmetry. It has difficulty maintaining a straight path when walking forward.
Because its centre of gravity and centre of rotation are not the same, it cannot be positioned
precisely, and it consumes a lot of energy while rotating. In addition, the six-legged device
cannot perform the movements required to dive or surface. With the aim of creating a
compact structure with efficient and precise locomotion, we first developed a biomimetic
underwater microrobot with eight IPMC actuators as legs to provide better performance in
walking and rotating.

The remainder of this paper consists of five parts. Firstly, we described the design of the
biomimetic leg shown in Figure 2. Secondly, we proposed a new type of microrobot with
three DOF shown in Figure 4, including its walking, rotating, and floating mechanisms.
Thirdly, we evaluated the mechanical behavior of the IPMC actuator, analyzed the forces
applied to the four driving legs and simulated the walking speed. Fourthly, we developed
the prototype microrobot and carried out experiments to measure its walking and rotating
speeds on underwater flat. And the last is our conclusions.

2. The biomimetic locomotion

Each leg of a stick insect is composed of a coxa, a femur, a tibiae, and a tarsus. The tarsus is
also called foot, and does not contribute to the movements. The coxa offers the foot one DOF
motion in the direction of movement. The femur and the tibiae offer the foot a 2-DOF
motion to enable it to find a reliable foothold together in the swing-search phase and touch
the ground and support the body while moving in the stance phase, as shown in Figure 1.
(Zhang et al., 2006a; Zhang et al., 2006b; Zhang et al., 2006d)

Based on the walking motion of the stick insect, a stick insect inspired biomimetic
locomotion prototype using two IPMC actuators is developed, as shown in Figure 2. The
actuator in vertical direction is called the driver. The actuator in the horizontal direction is
called the supporter. The free end of the driver is the foot. The driver and supporter are
controlled by two channels of square wave signals, with the same frequency. The driver and
supporter can bend along Tra.2 and Tra.1 respectively. The phase of supporter is 90 degrees
delayed than that of driver, so that driver and supporter can cooperate with each other in
clawing motion as shown in Figure 3, where the swing-search phase is from (a) to (d) and
the stance phase is from (d) to (e) (Zhang et al., 2006c; Zhang et al., 2006d).

leg
a part of body
\w

swing-search phase

stance phase

N

Fig. 1. Two phases in stick insect walking
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Fig. 2. The prototype of the biomimetic locomotion
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Fig. 3. One step cycle of the biomimetic locomotion
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3. Proposed Eight-legged Microrobot

3.1 Proposed Eight-legged Microrobot Structure

Using this locomotion, we had previously developed several microrobots (Zhang et al.,
2006a; Zhang et al., 2006d). As shown in Figure 4, both of them have six IPMC actuators on
plastic film body, which are divided into two groups, the drivers are from A to C, and the
supporters are the others.

Walker-1 can not only walk in 3 straight lines, but also rotate around its symmetric axis. Its
disadvantage is that its moving motion is inefficient because one driver always resists
forward moving limited by its structure(Zhang et al., 2006d). For the Walker-2, the drivers
and the supporters are on both sides of a rectangle film body. However, the driving forces
on the left and right sides are different because of the device’s asymmetry. So, it has
difficulty maintaining a straight path when walking forward. Because its centre of gravity
and centre of rotation are not the same, it cannot be positioned precisely, and it consumes a
lot of energy while rotating. In addition, it cannot perform the movements required to dive
or surface with a stable gesture for its asymmetry.

Walker-1 Walker-2

Fig. 4. Photos of previously developed six-legged biomimetic microrobots

To inherit the advantages of previously developed microrobots and overcome their
disadvantages, we proposed a new biomimetic microrobot with a centrosymmetric structure
around which the eight legs are symmetrically distributed, as shown in Figure 5 and Figure
6. It is 33 mm long, 56 mm wide, and 9 mm high. It has eight IPMC actuators designated A
through H. Actuators A, B, C, and D are the drivers, and their bending directions are shown
in Figure 7. The other four actuators are supporters. The actuators are all 11 mm long, 3 mm
wide, and 0.2 mm thick. The distance between two adjacent drivers or between a driver and
a supporter is 10 mm (Guo et al. 2008a; Guo et al. 2009).

The biomimetic microrobot is capable of walking, rotating, and floating. Table 1 lists the
control strategies for crawling.
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Fig. 5. Proposed eight-legged biomimetic microrobot

26

33
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o

Fig. 7. Bending directions for the four drivers
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Motions A|B|C|D

Walking forward + |+ |+ |+
Walking backward -l -1-1-
Rotating in clockwise + |+ -] -
Rotating in counter clockwise -l -+ ]+

A, B, C, and D stand for the drivers, as shown in Fig. 7. “+” and “-” mean the drivers bending forward
and backward, respectively.

Table 1. Control strategies for crawling locomotion

3.2 Crawling motion mechanism

The drivers and supporters are driven at the same oscillating frequency. When crawling, the

phase of the supporters lags that of the four drivers by 90°. Each step cycle of the walking

motion can be separated into four periods as shown in Figure 8:

1. Fromd to a, the supporters lift the body up, and the drivers are off the ground.

2. From a to b, the drivers bend forward.

3. From b to ¢, the supporters bend upward far enough so that they are off the ground,
while the drivers in contact with the ground support the body.

4. From c to d, the drivers bend backward in the propulsion stroke, and the body is
pushed forward (Guo et al., 2008a).

During periods (1), (2), and (3), the drivers are off the ground and move to another foothold

point with the help of the supporters. In period (4), the drivers push the body forward.

The walking speed is determined by the displacement of the drivers and the frequency of

the control signal. Because the four drivers are distributed symmetrically on both sides of

the structure and they have the same size and mass, the four drivers support equivalent

loads and drag forces. Therefore, the four drivers experience the same displacement for the

same applied input voltage. The deflections of all the drivers are equal, and they experience

the same displacement in each step. The walking speeds on each side of the structure are the

same. Suppose that the displacement of the actuator without a payload is dy, and the

microrobot can move forward with a displacement of d in one step cycle. Because of the

payload or water resistance, a decrease Ad in the displacement of the drivers cannot be

ignored. Equation (1) describes the relationship between dy and d, and Eq. (2) describes the

walking speed, where v is the average speed and fis the frequency of the input signal.

d=dy—-Ad )
v=(dy - Ad)x f @)
a b c d

Fig. 8. One step cycle of walking forward. The ® marks indicate which legs contact the
ground.
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3.3 Rotating motion mechanism

Figure 9 shows the example of counter-clockwise rotation. From c to d, the drivers push the
body to rotate. In the other periods, the drivers are pushed up by the supporters to prepare
for the next stroke (Guo et al., 2008b).

- . » .. Z Mao
Io ol Io b o‘l = M

d C C

Fig. 9. One step cycle of the rotating motion. The ® marks indicate which legs contact the
ground.

The speed of the rotating motion is determined by the angle of the driver in one cycle and
the frequency of the step, as shown in Figure 10 (a). The device can rotate by an angle of 0 in
one step cycle, as shown in Eq. (3).

0= L_at 3)
R D

Where L is the length of the rotating arc, R is the radius of the rotating rotundity, and D is

the diameter, as shown in Figure 10 (a) and Figure 10 (c). The diameter D could be

calculated using Eq. (4).

D = /(10 +d)? + (56 — 2Al)? )

Where d is the displacement of the driver in the stance phase and Al stands for the
displacement decrease of the IPMC actuator, as shown in Eq. (5).

Al=1-1, )

Where [ is the length of IPMC actuator, [ and Is are shown in Figure 10 (b). Based on the
geometry theorem, we can get the Eq. (6).

[AN|x[BN] =[CN|x|DN| ©)

From the Figure 10 (b), r is the bending radius of the IPMC actuator, | AN |=|BN|=Is,
|CN|=d/2, |DN|=|2r-d/2|, so Is can be calculated as shown in Eq. (7).

d d
I= |=x|2r—-= 7
T2 2‘ )
According to Eq. (3), Eq. (4), Eq. (5), and Eq. (7), the device can rotate by an angle of 8 in one
step cycle, as shown in Eq. (8).
gL _2L_ 2L ®)
R D

2
(10+d)2{56—2[z— d~‘2r—d‘ﬂ
\/2 2
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Equation (9) gives the rotating speed. Here, because the rotating arc L = d, we can
approximate L by d in Eq. (9). The @ and f are the rotating speed and the frequency,
respectively. Figure 10 (a) shows that the structure’s centre of rotation is at point O, which is
also the structure’s centre of symmetry. Because the eight legs are symmetrically distributed
around the centre of symmetry of the centrosymmetric structure and because the eight legs
have the same size and mass, the centre of symmetry is also the centre of gravity. Thus, the
centre of rotation of the microrobot is its centre of gravity. In addition, because the
oscillating directions of the four drivers are close to perpendicular to the radius of rotation,
the eight-legged device has a larger torsion angle than did the previous six-legged version.

2
2r - d‘ H
2

3.4 Floating motion mechanism
The water around the surface of the IPMC actuators is electrolysed by decreasing the
frequency of the applied voltage to 0.3 Hz. The buoyancy of the microrobot can be
controlled by the resulting change in volume to make it float upwards, remain neutrally
buoyant, or sink downwards. Table 2 lists the control strategies for the floating motion.

2(dy - Ad)

w0=0%f = f ©)

(10+d)2+[56—2(l— g.

Conditions Floating motions
pg(V +AV) <mg sinking downward
pg(V+AV)=mg suspended
pg(V +AV) >mg floating upward

p is the density of water, g is the acceleration of gravity, V is the volume of the microrobot, AV is the
volume of the bubbles, and mg is the weight of the microrobot.

Table 2. Control strategies of floating locomotion

4. Theoretical dynamic performance analysis

4.1 Tip displacements of IPMC without payloads

Figure 8 shows one step cycle for forward motion. The microrobot can move a distance of d
during one step cycle. We measured the displacement of one IPMC actuator by applying
different signals to simulate the theoretical crawling speed of the microrobot as shown in
Figure 11. The IPMC actuator was 14 mm long, 3 mm wide, and 0.2 mm thick. The actuator
was driven by a PC equipped with a digital-to-analogue converter card, and the deflection
of the IPMC was measured by a laser displacement sensor. The laser sensor was used to
translate the displacement to a voltage, and then the voltages were recorded and translated
to the PC using an oscilloscope.

Because the actuator was designed for use in a water tank, the relationship between the tip
distance and the laser senor voltage was different from that relationship in air. This means
that the laser sensor must first be calibrated for use in water (Guo et al, 2009). Figure 12
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shows the tip displacements of the actuator recorded experimentally for different
frequencies and voltages. These results show that the tip displacement decreased as the
frequency increased. Therefore, the microrobot had a top walking speed, and the theoretical
walking speed could be calculated using equation (2).

\\ o' r | } " /\
S

a2 - \
J dr2

i 56-241

Fig. 10. Efficiency of the driver during rotating motion



514 Advances in Biomimetics

Oscilloscope

Amplifier

Computer and DAQ/ADC
IPMC

Amplifier [————— | Laser
Water tank

sensor

Fig. 11. Displacement measuring system

18
16 —=—-8V
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12 ¢
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Tip Displacement of IPMC Actuator (mm)

0.5 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)
Fig. 12. Tip displacements (do) of the IPMC actuator

4.2 Equivalent beam modeling

The IPMC beam actuator can be modelled as a supported cantilever beam as shown in
Figure 13 (Cilingir et al., 2008; Pugal et al., 2008; Stoimenov et al., 2008; Mbemmo et al.,
2008). When the microrobot crawling, the forces applied to one leg are shown in Figure 14,
where g is the surface tension of the IPMC actuator and F is the resultant force of friction
and water resistance to one leg. According to the cantilever beam theory, the relationship
between the deformation curvature 1/ p(x) and mechanical moment M is shown in the
equation (10).
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1M
p(x)  EI

(10)

Where E is the elastic modulus for IPMC in hydrated conditions and I is the moment of
inertia for the equivalent cantilever beam. Mechanical moment M, produced duo to IPMC
bending is a function of applied forces.

Also, according to curvature equation (11) of deflection curve, we can get the equation (12).

d*w

1 2
= _Ls 11)

p(x) {1+(m)2}4
dx

d*w

oM@ a2

3 EI
ecter]

For the small deflection, equation (12) is simplified as shown in equation (13), which is
approximately expressed.

Fw _ M(x)
dx? El

(13)

The tip displacement generated by the surface tension g in one direction, can be defined as
;. So, the tip displacement in two directions d, = 2w, can be calculated in equation (14).

2 4 4
dy =210, = 2x P (cat + 612 4 %) =2 AL - (14)
24 8EI  4EI

The tip displacement generated by the resultant force F in one direction, can be defined as
wg . So, the tip displacement in two directions Ad =2wy can be calculated in equation (15).

As a result, the resultant deflection d can be obtained from equation (16).

Fx® . Fix* . 2FP

Ad=2 =2 15
xwp =2x( 6FI 2151) 3EI (15)

d=dy—Ad=2x(w, —wp)=d, 2 (16)
0 q F 0 3E]

In order to calculate the wyg, the IPMC bending stiffness EI can be calculated from

experiments and equation (17) respectively.

b-h®
12

I=

17)



516 Advances in Biomimetics

The elastic modulus E for IPMC in hydrated conditions is measured with the value of about
83 MPa (Park et al., 2007). With cross dimension of 0.2x3mm, the moment of inertia for the
IPMC can be obtained about 2.0x10-3 mm#. Then the bending stiffness is calculated as 166.0
mN mm?2. For one leg, the force F is the friction, as shown in equation (18).

F=uN (18)

Where N is the positive pressure between the leg and the bottom of water tank, and p; is the
static friction coefficient. According to the materials of IPMC and the hard steel bottom, we
choose ;15=0.30 in our experiments. With the weight of 1.63 g in air and cubage of 0.79 cm?3,
the weight of the microrobot in water can be calculated as 0.84 g, N=0.84 g. So, the force F of
one leg can be obtained about 8.232 mN. With the length of leg /=11 mm, the force F= 0.6175
mN, and the bending stiffness of the leg E[=166.0 mN mm?, the displacement decreases of
IPMC drivers Ad can be evaluated as 3.301 mm and the walking speeds can be calculated by
equation (2). The simulated results are shown in Figure 15.

n s

Fig. 13. Equivalent cantilever beam for an IPMC actuator
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Fig. 15. Theoretical walking speed (10 V)

5. Prototype microrobot and experiments

5.1 Prototype eight-legged microrobot

Figure 16 shows the prototype of the eight-legged microrobot. It has eight actuators fixed on
a film body with wood clips. The control signals are transmitted by enamel-covered wires
300 mm long with a copper diameter of 0.03 mm. The wires are soft enough that the
resistance can be ignored.

Fig. 16. Prototype eight-legged underwater microrobot
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5.2 Walking experiment on underwater flat surface

To evaluate walking locomotion, we carried out an experiment on an underwater plastic
surface. We recorded the times required to walk a distance of 50 mm using different applied
signal voltages and frequencies. The experiment was repeated 10 times for every set of
control signals to determine the average speed on the flat surface. The experimental results
described in Figure 17 show that the walking speed was nearly proportional to the input
voltage, and a top speed of 8.3 mm/s was obtained with a control signal of 10 V and 5 Hz.
We compared the experimental value with the theoretical value with a control signal of 10
V, as shown in Figure 18. From the comparison, we could see that the experimental results
approached the theoretical results very well. The displacement of the IPMC actuator would
be less in real applications due to slippage and short response time at high frequencies.
Therefore, some differences between the theoretical and experimental results still exist.

5.3 Rotating experiment on underwater flat surface

We also investigated the rotating motion on the same underwater plastic surface. We
recorded the times for rotating through 90° under the influence of different voltages and
frequencies of the control signal, and calculated the average angular velocity for 10
repetitions of the same experiment. The experimental results described in Figure 19 show
that the angular velocity was nearly proportional to the input voltage, and a top angular
rotation speed of 11.86°/s was obtained for a voltage of 10 V and a frequency of 5 Hz.

5.4 Floating experiment
To test floating locomotion, we set the frequency of the applied voltage to 0.15 Hz to
electrolyse the water around the IPMC surface. When the input voltage was cut off while the
microrobot was floating upward, the microrobot gradually stopped moving upward and
then started to sink. The maximum upward floating speed was 4 mm/s with a voltage of 10
V as shown in Figure 20.

—0— 10v

Walking velocity (m/s)

4 5 6
Frequency(Hz)

Fig. 17. Experimental walking speed results (10 V)
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Fig. 18. Relationship between theoretical and experimental walking speeds (10 V)
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Fig. 19. Experimental angular velocity results during rotation
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Fig. 20. Floating motion of the eight-legged microrobot

6. Conclusions

To resolve the problem of the asymmetry in previous six-legged microrobots, we proposed a
new type of underwater microrobot with eight IPMC actuators distributed symmetrically
around the microrobot’s centre of symmetry. We evaluated the walking, rotating, and
floating mechanisms of this proposed robot. Then, we evaluated the mechanical behavior of
the IPMC actuator, analyzed the forces applied to the four driving legs and simulated the
walking speed. We also constructed a prototype of the eight-legged microrobot and
conducted experiments to measure its walking speed and angular velocity without
payloads. Its walking and rotating speeds were faster than those of the previous six-legged
version. We also made the microrobot dive and surface by electrolysing the water around
the IPMC surface. Controlling the electrolysis process and thus the buoyancy of the
microrobot was difficult, so the vertical motion of the device could not be controlled very
well. In the following research, we developed a jellyfish-type microrobot to improve the
floating motion.
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