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Preface

Scientists who dedicate their research activity to biomaterials pass through the typical
dichotomy that often characterizes the basic research. On one side is the wish of
exploring new frontiers of chemistry, physics, biology, medicine, pharmaceutics and
all other disciplines to which biomaterials can be applied. The constantly improving
scientific knowledge would feed the freedom of attempting new strategies for
producing materials with always tailored and improved characteristics. On the other
side, one should one have a look to the different ‘official’ definitions given for
biomaterials. It is evident how the restriction imposed by words would limit the
fantasy and effectiveness of fundamental scientific research. Just as an example-
biomaterials are defined as a ‘nonviable material used in a medical device, intended to
interact with biological systems’ (Consensus Conference of the European Society for
Biomaterials, 1986), or as ‘any substance (other than a drug) or combination of
substances, synthetic or natural in origin, which can be used (...) as a whole or as a
part of a system which treats, augments, or replaces any tissue, organ, or function of
the body (NIH), or even ‘a systematically and pharmacologically inert substance
designed for implantation within or incorporation with living systems’ (Clemson
University Advisory Board for Biomaterials). Essentially, the only common property is
that a biomaterial would be different from a biological material, that is produced by a
biological system. Clearly, none of the proposed definitions can succeed to cover the
whole landscape of properties and applications of these peculiar compounds, but they
can only enlighten a particular aspect of their potentials. A similar situation can be
applied for nanomedicine — a research field with which the field of biomaterials
actually often shares technologies and applications — and for which is the gap between
‘official’ definitions and the originality of published researches even larger.

These considerations have been one of the basis of the present editorial task, that will
comprehend three volumes focused on the recent developments and applications of
biomaterials. These books collect review articles, original researches and experimental
reports from eminent experts from all over the word, who have been working in this
scientific area for a long time. The chapters are covering the interdisciplinary arena
which is necessary for an effective development and usage of biomaterials.
Contributors were asked to give their personal and recent experience on biomaterials,
regardless any specific limitation due to fit into one definition or the other. In our
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opinion, this will give readers a wider idea on the new and ongoing potentials of
different synthetic and engineered macromolecular materials.

In the meantime, another editorial guidance was not to force the selection of papers
concerning the market or clinical applications or biomaterial products. The aim of the
book was to gather all results coming from very fundamental studies. Again, this will
allow to gain a more general view of what and how the various biomaterials can do
and work for, along with the methodologies necessary to design, develop and
characterize them, without the restrictions necessarily imposed by industrial or profit
concerns.

The chapters have been arranged to give readers an organized view of this research
field. In particular, this book collects 22 chapters reporting recent researches on new
materials, particularly dealing with their potential and different applications in
biomedicine and clinics: from tissue engineering to polymeric scaffolds, from bone
mimetic products to prostheses, up to the strategies to manage their interaction with
living cells. The book is structured in sections covering different aspects: the first
section on presents some reviews and articles on the production and/or chemical
modification of novel biomaterials, along with their potential applications. The second
section presents six articles exploring the use of engineered biomaterials for the
treatment of bone and cartilage diseases, along with a further chapter on the
mechanobiology of dental implantable devices. The third section contains five
chapters and it is focused on recent studies on tissue engineering by cells and
biomaterials. Finally, two conclusive chapters deal with the application of biomaterials
to hearth and vascular prostheses.

I hope that you will find all these contributions interesting, and that you will be
inspired from their reading to broaden your own research towards the exciting field of
biomaterial development and applications.

Prof. Rosario Pignatello

Department of Pharmaceutical Sciences,
Faculty of Pharmacy,

University of Catania,

Italy
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Biomaterials and Sol-Gel Process:
A Methodology for the Preparation of
Functional Materials

Eduardo J. Nassar et al®
Universidade de Franca, Franca, Sao Paulo,
Brazil

1. Introduction

There are many kinds of materials with different applications. In this context, biomaterials
stand out because of their ability to remain in contact with tissues of the human body.
Biomaterials comprise an exciting field that has been significantly and steadily developed
over the last fifty years and encompasses aspects of medicine, biology, chemistry, and
materials science. Biomaterials have been used for several applications, such as joint
replacements, bone plates, bone cement, artificial ligaments and tendons, dental implants
for tooth fixation, blood vessel prostheses, heart valves, artificial tissue, contact lenses, and
breast implants [1]. In the future, biomaterials are expected to enhance the regeneration of
natural tissues, thereby promoting the restoration of structural, functional, metabolic and
biochemical behaviour as well as biomechanical performance [2]. The design of novel,
inexpensive, biocompatible materials is crucial to the improvement of the living conditions
and welfare of the population in view of the increasing number of people who need
implants [3]. In this sense, it is necessary that the processes employed for biomaterials
production are affordable, fast, and simple to carry out. Several methodologies have been
utilized for the preparation of new bioactive, biocompatible materials with
osteoconductivity, and osteoinductivity [4 - 13]. New biomaterials have been introduced
since 1971. One example is Bioglass 4555, which is able to bind to the bone through
formation of a hydroxyapatite surface layer [14]. The sol-gel processes are now used to
produce bioactive coatings, powders, and substrates that offer molecular control over the
incorporation and biological behavior of proteins and cells and can be applied as implants
and sensors [15 - 17]. In the literature there are several works on the use of the sol-gel
process for production of biomaterials such as nanobioactive glass [18], porous bioactive
glass [19], and bioactive glass [20 - 22], among others.

Hybrid inorganic-organic nanocomposites first appeared about 20 years ago. The sol-gel
process was the technique whose conditions proved suitable for preparation of these
materials and which provided nanoscale combinations of inorganic and organic composites

* Katia J. Ciuffi, Paulo S. Calefi, Lucas A. Rocha, Emerson H. De Faria, Marcio L. A. e Silva, Priscilla P.
Luz, Lucimara C. Bandeira, Alexandre Cestari, Cristianine N. Fernandes
Universidade de Franca, Franca, Sao Paulo, Brazil
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[23]. Natural bone is an inorganic-organic composite consisting mainly of
nanohydroxyapatite and collagen fibers. Hybrid materials obtained by the sol-gel route
combine the advantages of both organic and inorganic properties. Several kinds of
organofunctional alkoxysilanes precursors have been studied for the production of silica
nanoparticles. The sol-gel offers advantages such as the possibility of obtaining
homogeneous hybrid materials under low temperature, thereby allowing for the
incorporation of a variety of compounds [23 - 29].

The sol-gel process is based on the hydrolysis and condensation of metal or silicon alkoxides
and is used to obtain a variety of high-purity inorganic oxides or hybrid inorganic-organic
materials that are simple to prepare [30]. This process can be employed for the synthesis of
functionalized silica with controlled particle size and shape [31 - 38].

Apart from the several applications mentioned in the first paragraph of this chapter, more
recently, biomaterials have been utilized as drug delivery systems (DDSs). In this sense,
polymers and biodegradable polymers emerge as potential materials, since they promote
temporal and targeted drug release. Indeed, biomaterials have had an enormous impact on
human health care. Applications include medical devices, diagnosis, sensors, tissue
engineering, besides the aforementioned DDSs [39]. In the latter field, an ideal drug
deliverer should be able to lead a biologically active molecule at the desired rate and for the
desired duration to the desired target, so as to maintain the drug level in the body at
optimum therapeutic concentrations with minimum fluctuation [1, 40]. The use of DDSs
overcomes the problems related to conventional administration routes, such as oral and
intravenous administration.

Several biomaterials have been applied as DDSs. This is because they are biocompatible
and/or biodegradable, which allows for consecutive administrations. Hydroxyapatite-based
materials, natural and synthetic polymers, silica, clays and other layered double hydroxides,
and lipids are some examples of biomaterials that have been employed for the delivery of
active molecules through the body. Liposomes, solid lipid nanoparticles, polymeric nano
and microparticles, micelles, dendrimers, metallic nanoparticles, and nanoemulsion are
currently utilized as DDSs.

Special attention has been given to DDSs comprised of biodegradable polymers and silica.
In polymeric DDSs, the drugs are incorporated into a polymer matrix. Since biodegradable
polymers are degraded to non-toxic substances, they do not have to be removed after
implantation. So they have become attractive candidates for DDS applications. The rate of
drug release from polymeric matrices depends on several parameters such as the nature of
the polymer matrix, matrix geometry, drug properties, initial drug loading, and drug-
matrix interaction. Moreover, the drugs can be effectively released by bioerosion of the
matrices. [40]. Thus, both natural, frequently polysaccharides, and synthetic biodegradable
polymers, usually aliphatic polyesters such as PLA, PGA, and their copolymer (PLGA), are
the most extensively investigated biodegradable materials for drug delivery applications [1].
Inorganic materials, like silica, can offer the necessary properties for a nanoparticle to be
applied as DDS, especially nontoxicity, biocompatibility, high stability, and a hydrophilic
and porous structure. The drug release rate from the silica structures could be controlled by
adjusting particle size and porous structure [41 - 45].

The sol-gel technology is also employed in the preparation of inorganic ceramic and glass
materials. This technique was first used in the mid 1800s, when Ebelman and Graham
carried out studies on silica gels [46]. Initially, the sol-gel process was utilized in the
preparation of silicate from tetraethylorthosilicate (TEOS, Si(OC2Hs)s), which is mixed with



Biomaterials and Sol-Gel Process: A Methodology for the Preparation of Functional Materials 5

water and a mutual solvent, to form a homogeneous solution. Recently, new reagents have
appeared, so novel inorganic oxides and hybrid organic-inorganic materials can be
synthesized using this methodology. Another process known as non-hydrolytic sol-gel has
been developed by Acosta et al [47], who used the condensation reaction between a metallic
or semi-metallic halide (M-X) and a metallic or semi-metallic alkoxide (M’-OR) to obtain an
oxide (M-O-M’). The hydrolytic and non-hydrolytic sol-gel processes as well as their
mechanisms are well discussed in the literature [46, 48, 30]. The sol-gel route is well-known
for its simplicity and high rates. It is the most commonly employed technique for the
synthesis of nanoparticles, and it involves the simultaneous hydrolysis and condensation
reaction of the alkoxide or salt. The obtained materials have several particular features. The
importance and advantages of nanoparticles have been scientifically demonstrated, and
these particles have several industrial applications; e.g., in catalysis, pigments, biomaterials,
phosphors, photonic devices, pharmaceuticals, and among others [36, 49 - 54].

In this chapter, we propose a brief review on materials prepared by the hydrolytic and non-
hydrolytic sol-gel methodologies and their possible bioapplications.

2. Results and discussion

In the next topics, 2.1 and 2.2, the results and discussion about all the research developed in
our laboratory using hydrolytic and non-hydrolytic methodologies in the synthesis of
materials for bio applications such as glass ionomers, bioactive materials, coating on
scaffolds obtained by rapid prototyping (RP), and materials for drug delivery are shown.

2.1 Preparation of biomaterials by the hydrolytic sol-gel process

In this topic the materials prepared by the hydrolytic sol-gel methodology and their
characterization are described. We aimed to obtain materials whose properties would enable
their application as biomaterials.

In a first work, materials containing Ca-P-Si were prepared by the sol-gel route by mixing
TEOS, calcium alkoxide, and phosphoric acid [55]. The resulting materials were immersed
in Simulated Body Fluid (SBF) [56], pH = 7.40, for 12 days. The sample was characterized
before and after contact with SBF.

Transmission electron microscopy (TEM) can provide structural information about materials,
such as particle shape, size, and crystallinity. Figures 1a, b, ¢, and d show TEM images of the
Ca-P-5i matrix obtained by the sol-gel methodology before and after immersion in SBF.

The TEM images in Figure 1a reveal the formation of small particles with an average size of 20
nm. Electron diffraction gives evidence of an amorphous phase. The bright and dark fields in
Figures 1b and ¢ demonstrate that the materials contain crystalline and amorphous phases.
Figure 1d displays the electron diffraction of the crystalline phase. The electron diffraction
pattern shows planar distances of 2.86 A and 1.88A, which, according to Bragg’s law, indicates
that these distances correspond to 26 = 31.2° (211) and 48.6° (320). This peak can be ascribed to
hydroxyapatite (JCPDS - 9-0432) [57]. The EDS spectra of the amorphous phase reveal large
quantities of Si and O, indicating the presence of amorphous silicate. The crystalline phase,
whose composition contained Ca and P, has been ascribed to hydroxyapatite crystallization.

In another work, samples with different Ca/P molar ratios were prepared by the sol-gel
methodology, by mixing TEOS, calcium ethoxide, and phosphoric acid. The samples were
analyzed before and after contact with SBF [50].
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Fig. 1. TEM images of the Ca-P-Si matrix before (a) and after (b) immersion in SBF, bright (b)
and dark field (c), and electron diffraction (d) of the sample’s crystalline phase after
immersion in SBF.

Figures 2 and 3 depict the X-ray diffraction patterns for the samples prepared with different
Ca/P molar ratios, before and after contact with the SBF solution, respectively.

The three starting powders present crystalline and amorphous phases, with well-defined
diffraction peaks. The crystalline phase displays peaks at 26 = 26.5, 32.5, 33.0, 49.2, and 53.1,
which can be ascribed to hydroxyapatite (HA), whereas the peaks corresponding to calcium
triphosphate (TCP-B) appear at 26 = 26.5, 30.2, and 53.1. [58]. Several other peaks due to
other phosphate silicates, such as Cas(PO4):5i04 and (Cax(SiOs))s(Caz(POs)2), can also be
observed.

The high percentages of phosphate ions (40%) in the present samples were crucial to the
precipitation of crystalline phosphate nanoparticles in the silica matrix. However, according
to literature reports, the double P=O bond favors phosphate phase formation in the silica
network, thus increasing the tendency toward crystallization [59]. The peak broadening of
the XRD reflection can be used to estimate crystallite size in a direction perpendicular to the
crystallographic plane, using the Scherrer equation [60]. On the basis of the XRD data, the
average crystallite size was calculated as being approximately 2 nm, which indicates the
formation of calcium phosphate nanoparticles.
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Fig. 2. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ before contact with
SBF.

The technology based on RP is a processes employed for assemblage of materials in the
powder, filament, liquid, or slide form, which in turn are stacked in successive thin layers until
a three-dimensional structure is achieved. The process begins by designing a mold for the
scaffold using computer-aided design (CAD) software. The mold can possess a branching
network of shafts that will define the microchannels in the scaffold [61 - 65]. The layer-by-layer
building approach allows for the preparation of highly complex structures that cannot be
obtained by technologies based on material subtraction, which is the most frequently
employed procedure nowadays. RP has several important applications in a number of areas,
including aircrafts, automobiles, telecommunications, and medicine [66 - 68].

In our following works 3D piece prepared by RP on ABS and polyamide (nylon) was used,
and the properties of this piece were modified by the sol-gel methodology. To this end, the
sols were prepared by stirring TEOS and calcium alkoxide in ethanol. Two sols were
synthesized, namely one containing phosphate ions (Si-Ca-P) and another without
phosphate (Si-Ca) [69]. The sols were deposited onto ABS by using the dip-coating, as
described in the literature [70, 71]. This technique consists in immersing a substrate directly
into the prepared sols. The crystallization of phosphates was accomplished by immersing
the samples into SBF for 15 days. The SBF treatment was performed in the static condition.
The samples were then dried at 50°C and characterized.
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Intensity (a.u.)
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Fig. 3. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ after contact with
SBF.

Figure 4 displays the XRD patterns obtained for the ABS substrate and for the AcP and AsP
samples.

XRD analysis of the ABS substrate and of the samples coated by sol-gel revealed the
presence of broad peaks between 10 and 30°, characteristic of amorphous materials. Figures
5 and 6 illustrate the XRD patterns of the samples AcP and AsP before and after contact with
SBF, respectively.

After contact with SBF, the XRD patterns of the samples AcP and AsP clearly displayed
peaks, which is evidence of initial crystallization. Peaks at 20 = 10.6, 21.6, 31.6, and 45.2 were
detected for the AcP sample after it was placed in SBF for 15 days, whereas the XRD pattern
of the sample AsP displayed two peaks only, namely at 20 = 31.6 and 44.9. The latter peaks
correspond to a mixture of calcium phosphate silicates (JCPDS 21-0157; 11-0676). This
observation is very important since it shows that the coating interacts with SBF to form a
calcium phosphate, which is the main component of hydroxyapatite. Infrared spectroscopy
of the ABS substrate presented peaks at 1077 and 465 cm-, ascribed to the Si-O-Si vibration
mode. These peaks were also verified in the spectrum of the sample AcP after contact with
SBF, indicating that the silicate coating is still present on the ABS substrate. New peaks
appeared at 3360 and 1653 cm-, related to water vibrations, and at 610 and 550 cm-,
ascribed to the P-O vibration [72], thereby corroborating the observations from the X-ray
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Fig. 4. XRD analysis of the ABS substrate and the ABS-coated samples AcP and AsP.
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Fig. 5. XRD of the sample AcP before and after contact with SBF.

analysis and evidencing formation of the calcium phosphate silicate. The FTIR-ATR
spectrum recorded for the sample AsP after contact with SBF displayed peaks characteristic
of crystalline phosphate at 600 and 560 cm-, and carbonate hydroxyapatite, at 1451, 1408,
and 874 cm! [72]. This suggests that these materials can be used for bioapplications.
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Fig. 6. XRD of the sample AsP before and after contact with SBF.

Changes in the properties of macroporous (pore size = 500pm) samples of the polymers
polyamide 12 (nylon) and ABS, obtained by RP, were investigated herein. Sols containing
silicon and calcium alkoxide, with or without phosphate anions, were deposited onto the
polymers by the dip-coating technique [73]. The goal of this work was to coat the organic
polymer materials with macroporous compounds and verify whether the resulting materials
can be used as biomaterials. If the homogeneous composition of a coating can transform an
organic polymer into a biocompatible material, then the latter can be applied in bone
implant. RP promotes the building of pieces with different and complex forms. Figure 7 is a
representation of the substrates based on the organic polymers polyamide 12 (nylon) and
ABS prepared by RP, with a pore size of 500pum.

NYLON - SLS - 500um

a b
Fig. 7. Porous materials prepared by RP: (a) polyamide 12 and (b) ABS.
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The SEM micrographs show that the polymers exhibit different surfaces. Polyamide 12 is
rough, whereas ABS is smooth. Surface features can affect adherence of the coating to the
polymer. Figure 8a, b, ¢, and d depict the SEM micrographs of polyamide 12 and ABS after
coating with Si-Ca-P and Si-Ca, respectively.

P
Fe

-9

198Kk m 118322

Fig. 8. SEM micrographs of the coated polymers: (a) polyamide 12 + Si-Ca-P, (b) polyamide
12 + Si-Ca, (c) ABS + Si-Ca-P, and (d) ABS + Si-Ca.

SEM furnishes information about the homogeneity, shape, size, and adherence of materials,
which aids explanation about the change in the properties of the coated polyamide 12 and
ABS. The polyamide 12 polymer has an initial pore size of 500 um, which is reduced to 300
um after coating and RP. This leads to the conclusion that the coating has a thickness of 200
pum. The coating prepared by combination of the sol-gel methodology with the dip-coating
technique produces films with sizes in the nanometer range [74, 75]. In the present case, the
compositions of both the sol and the polymer promote an increase in thickness. The
thickness of the coating in polyamide 12 and ABS polymers influences the decomposition
temperature, and thicker coatings lead to higher decomposition temperatures. This
observation is corroborated by the SEM technique. The same coating was prepared on a 3D
piece, represented in Figure 9.
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Fig. 9. 3D piece of the polyamide structured by RP.

Bioactivity tests in SBF and fibroblast cell cultures were performed. There was growth of
differentiated cells in the fibroblast culture for both functionalized polyamide and ABS.
Figures 10 a, b, ¢, and d correspond to the results obtained with polyamide 12 without and
with coating and ABS without and with coating after 4 days, respectively. It was possible to
observe that the cells were not affected by the coating, showing that the materials present
potential future applications for use in biomaterials.

Polyamide 12 ; Polyamide
functionalized
with acid

tratment

ABS
functionalized
with acid
tratment

c e
Fig. 10. Polyamide and ABS without and with coating after immersion into fibroblast cell
culture for four days.
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Formation of calcium phosphate on the polyamide substrate obtained by RP can be achieved
by means of the sol-gel process. So a sol containing tetraethylorthosilicate, calcium alkoxide,
phosphoric acid, and alginate was prepared. Figures 11 a and b depict the micrograph of the
resulting substrate.

Fig. 11. Polyamide substrate functionalized with Si-Ca-P-alginate.

From Figure 11a it can be seen that calcium phosphate was formed on the alginate fibers. In
Figure 11b, the alginate fibers and the red square corresponding to the calcium phosphate
crystals can be observed. The EDS spectrum confirms the presence of the Si-Ca-P elements
in the crystals. This material is a candidate for use in bone implant.

Silica nanospheres were prepared in order to test their use as DDS. In addition, a factorial
design was developed, so that the influence of hydrolytic base-catalyzed sol-gel parameters
and surfactant (Tween 80 or Pluronic F68) concentration over the nanoparticles morphology
could be analyzed.

SEM characterization showed that the two surfactants employed herein provided very

Dot WD Exp 1 Gum
SE 0.0 | UFSCar DEMa LCE FEG

.

Fig. 12. SEM images of the particles prepared by the hydrolytic sol-gel using (a) Pluronic F68
and (b) Tween 80 as surfactants.
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different results. In general, the particles prepared using Tween 80 were more spherically
shaped compared to those prepared with Pluronic F68. Figure 12 displays two examples of
particles obtained from the factorial design, prepared under the same conditions, but with
different surfactants.

The spherical and nanometric particles presented in Figure 12b meet the requirements of the
morphology desired for a DDS. This morphology allows for different administration routes,
including the intravenous route.

2.2 Preparation of biomaterials by the non-hydrolytic sol-gel process

The non-hydrolytic sol-gel process is another route for the production of materials for
bioapplications such as dental and osseous substitutes. Here the preparation and
characterization of the glass ionomer by this methodology is described. Calcium
fluoroaluminosilicate glass containing phosphorus and sodium (Ca-FAISi) consists of an
inorganic polymeric network (mixed oxide) embedded in an aluminum and silicon matrix,
comprising an amorphous structure. This material is currently employed in dentistry as
restorative designated glass ionomer cement [76, 77]. Firstly, the calcium-
fluoroaluminosilicate glass was prepared in oven-dried glassware and AlCl;, SiCly, CaF,,
AlF;, NaF, AIPOy, and ethanol were reacted in reflux under argon atmosphere [53]. The Z7Al
NMR results revealed the coordination of aluminum. Figure 13 shows the NMR spectrum of
the calcium-fluoroaluminosilicate glass dried at 50°C and submitted to heat treatment at
1000°C.

0.0 59.4

cps

T
-200 -150

— T T T T T T
150 200

I I
-100  -50 0 50 100
Chemical Shift / ppm

Fig. 13. 27Al NMR spectrum of the sample dried at 50°C and treated at 1000C.
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The central transition (CT) frequency of the spectrum of a quadrupolar nucleus of half
intereger spin, such as 27Al (I = 5/2), depends on the orientation of each crystallite in the
static magnetic field to the second order in the perturbation theory. The quadrupolar
interaction between the nuclear electric quadrupole moment (eQ) and the electric field
gradient of the nucleus (eq), arising from any lack of symmetry in the local electron
distribution, is described by the quadrupolar coupling constant Cq (e2qQ/h) and the
symmetry parameter 1. It should be noted that disordered materials such as glasses have
a wide range of interatomic distances and, consequently, CT line broadening occurs due
to the distribution of 8is, and quadrupolar interactions [78]. After the material was heat-
treated at 1000°C, a single peak corresponding to AIV) predominated at 0.0 ppm,
indicating the structural change in the coordination state of aluminum. When Al atoms
are in tetrahedral coordination Al(Y), their chemical shifts vary from 55 to 80 ppm.
Chemical shifts in the range of -10 to 10 ppm correspond to coordinated octahedral AIV)
[79, 80, 47]. The spectra of the two samples prepared here presented three peaks at 10.4,
59.4, and 140.1 ppm, which are characteristic of AIVD, Al1V), and spinning side bands [81],
respectively. Although some authors have reported the presence of AlY) atoms with
chemical shifts at 20 ppm [82], this peak was not detected. The dominant species in the
sample heat-treated at 50 °C corresponded to Al(V). The chemical shifts between 50 and 60
ppm corresponding to Al(V) depend on the Al/P molar ratio. Al@V) has been found at 60
ppm in model glasses based on SiO,Al,0;CaOCaF,, and at about 50 ppm in glasses
containing phosphate where the molar AL:P ratio was 2:1 [81]. In this study an Al/P molar
ratio of approximately 10 was achieved, which is higher than that present in commercial
glasses. In our case, this chemical shift was very difficult to observe because of the lower
incidence of Al-O-P bonds. The 2Si NMR results allow for analysis of the chemical
environment around silicon atoms in silicates, where Si is bound to four oxygen atoms.
The structure around Si can be represented by a tetrahedron whose corners link to other
tetrahedra. The Qn notation serves to describe the substitution pattern around a specific
silicon atom, with Q representing a silicon atom surrounded by four oxygen atoms and n
indicating the connectivity [83]. Figure 14 presents the NMR spectrum of the sample dried
at 50°C.

The material displayed a peak at -100 ppm and a shoulder at -110 ppm, and the values in
this range were attributed to Si atoms Q4 and Q* or Q3, respectively. Figure 15 illustrates the
Q3 and Q# structure.

As mentioned above, the chemical shift indicates the environment around the Si atoms in
the glass. The commercial calcium-fluoroaluminosilicate glass presents a broad peak
between -90 and -99 ppm [82]. On the basis of the results obtained here, our material
exhibits a vitreous lattice. The number of nearest neighbor aluminum atoms is given in
parentheses. Q4 (3/4 Al) and Q4(1/2) [78] are the structures represented in Figure 16.

The chemical shift ranges overlap, so the resonances in Fuji II cement (commercial glass) at -
87,-92, -99, and -109 ppm may be due to Q* (3/4 Al), Q* (3 Al), Q* (1/2 Al), and Q* (0 Al),
respectively [78]. In our case, the chemical shifts at -110 and 100 ppm may be due to the Si
atoms Q* (1/2 Al) and Q* (0 Al), because of the molar ratio Al/Si < 1. Figure 17 illustrates
the 2951 NMR of the sample heat-treated at 1000°C for 4 hours.

In the present case, only one peak at -88 ppm was detected, which can be attributed to the
presence of a Q* (3/4 Al) site in Si atoms due to the structural rearrangement of the
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Fig. 14. 2Si NMR spectrum of the sample dried at 50°C.
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Fig. 15. Schematic representation of the Q® and Q¢ structures.
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Fig. 16. Schematic representation of the Q* (3/4 Al) and Q* (1/2 Al) structure.
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Fig. 17. 25i NMR spectrum of the sample treated at 1000°C.

aluminosilicate crystalline structures. This is consistent with our X-ray data. The
nonhydrolytic sol-gel method has proved efficient for the preparation of materials with
glass properties, as shown in this work. This process enables reaction control and the use of
stoichiometric amounts of Al and Si reagents at low temperatures, near 110°C, thereby
reducing production costs.

The preparation of aluminosilicate-based matrices by the nonhydrolytic sol-gel method,
using varying concentrations of the glass components, especially the element phosphorus,
has been accomplished by our group [84]. Figure 18 depicts the X-ray diffractograms for the
samples A2, A3.3, and A4, all dried at 50°C.

An amorphous structure predominates in sample A2. The A3.3 material displays an
amorphous structure with crystalline phases attributed to fluorapatite (Cas(PO4);0OH) and
mullite (3A1,0525i0»), according to Gorman et al. Sample A4 also presents an amorphous
phase and a crystalline phase, which is ascribed to mullite [85]. The X-ray diffraction
analysis revealed the influence of the phosphorus concentration on the structural formation
of the materials. The material prepared with the Wilson formulation has an amorphous
structure, while the one prepared according to Hill displays an amorphous structure with a
crystalline phase attributed to mullite. An increase in phosphorus in the Hill formulation
allows the formation of an amorphous material with crystalline phases attributed to mullite
and fluorapatite. The increase in phosphorus concentration affects the formation of the
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Fig. 18. X-ray diffractograms of samples A2, A3.3, and A4.

material’s structure, since this increase leads to the formation of fluorapatite. The
difference between the Wilson and Hill formulations [86, 87] also account for the
formation of different materials: sample A2 material presents a structure devoid of
crystallinity, while the structure of glass A4 contains a crystalline phase attributed to
mullite. These are attractive factors in dental restorations. Calcium fluoroaluminosilicate
glasses containing sodium and phosphorus are materials that can be employed in
dentistry, as components of glass ionomer cement, and in medicine, as replacements for
bone implants.

In this work, the preparation and characterization of matrices based on aluminossilicates
obtained by the non-hydrolytic and hydrolytic sol-gel routes were investigated. Three
different routes, namely the non-hydrolytic sol-gel route and the hydrolytic sol-gel route
using either basic or acid catalysis, were employed in the preparation of three materials,
namely IC1, IC2, and IC3. The obtained materials were characterized by different physical
methods and antimicrobial activity tests. For evaluation of the antimicrobial activity, the
materials were examined against the microorganisms E. faecalis, S. salivarius, S. sobrinus, S.
sanguinis, S. mutans, S. mitis, and L. casie, using the double layer diffusion technique.
Scanning electron microscopy analysis coupled with energy dispersive spectroscopy
(MEV/EDS) of the material IC1 (Figure 19) mapped the elemental distribution and showed
that the silicon atoms are located in the same regions as the aluminum and oxygen atoms
distributed throughout the particle surface. This indicates the possible formation of
aluminosilicate, confirming the IR data. The presence of chlorine is evidence that this
material contains a large amount of residual groups from the reagent AICl;. The calcium
atoms are distributed over the IC1 matrix, but they appear as some clusters that coincide
with the fluoride clusters, thereby indicating the presence of CaF, crystals, as shown by
XRD.
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Fig. 19. Elemental distribution mapping of the material IC1 treated at 110 oC.

For the material IC2, the MEV/EDS analysis (Figure 20) revealed that the silicon atoms are
located in the same regions as the aluminum and oxygen atoms, pointing to the possible
formation of aluminosilicate. The smaller amount of chlorine in relation to IC1 indicates that
this material has fewer residues, probably originated from the catalyst (HCI). Also, it is
important to bear in mind that in this case the precursor AICl; was replaced with aluminum
isopropoxide, which may be contributing to the lower amount of residual Cl groups. The
phosphorus and calcium atoms are distributed over the matrix. This material contained no
calcium and fluoride clusters, corroborating the XRD findings, which had not indicated the
presence of CaF,.

Fig. 20. Elemental distribution mapping of the material IC2 treated at 110 oC.

In the case of the material IC3, the MEV/EDS (Figure 21) demonstrated that the silicon
atoms are present in the same regions as the aluminum and oxygen atoms. The smaller
amount of chlorine in relation to IC2 indicates that this material has few residual Cl. The
calcium atoms are distributed in the matrix and appear as clusters in the same regions as the
fluoride atoms, indicating the presence of CaF, as previously detected by XRD.
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Fig. 21. Elemental distribution mapping of the material IC3.

The Ca-FAISi used as a basis for glass ionomer almost always presents amorphous phase
separation. For instance, materials obtained by the usual methods are composed by distinct
regions with high Al and Si content as well as other regions containing Ca, P, and F. This
fact undermines the homogeneity of the Ca-FAISi material and impairs the setting reaction
of the cement, because regions rich in Ca, P, and F are less reactive, which in turn promotes
formation of inhomogeneous cement. This ruins the integrity of the restorative material and
affects its physical and chemical resistance. In our case, there was no clear evidence of phase
separation for the materials synthesized by the sol-gel methods, and the elements were well
distributed on the surface of materials. The material IC2 presented high homogeneity
compared to the other materials, since the elements were well distributed across the surface
of the particles.

For evaluation of the antimicrobial activity of the materials prepared here, the dual layer
diffusion technique was employed, using the microorganisms listed in Table 1.

The materials IC1 and IC2 presented antimicrobial activity similar to that of the commercial
glass ionomer Ca-FAISi, so they can be applied in the oral environment and avoid damage
by microorganisms. In conclusion, the material IC2 can be used as a basis for glass ionomer
cement and the fact that it is synthesized at lower temperature and leads to greater
homogeneity compared with the Ca-FAISi produced by industrial methods makes it
advantageous over the commercially available materials.

The glass ionomer prepared in reference [84] was tested with respect to its biocompatible
properties and compared to the materials obtained by the industrial methodology.
Experimental and conventional GIC were analyzed in terms of morphology and of the
morphometric reaction induced by the cement in the subcutaneous tissue of rats.

The methodology described in [88] was used for the biocompatible test. Table 2 lists the
tested materials.

The experimental and conventional GIC powders were used to prepare the glass ionomer
cement. The surface of the obtained materials was examined by scanning electron
microscopy (Figures 22 a and b, respectively).
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microorganism/ Substance ( ) Extract ( ) Product (x) Mean (mm) + SD
ATCC
IC1 20.0
E. faecalis ATCC 1IC22xd 155+£21
4082 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 22.0+0.0
Periorgard mouthwash (positive control) 13.0+ 0.0
IC1 18.0
S. salivarius IC22x d 12.0+1.4
ATCC 25975 IC3 0.0
Gass ionomer (S.S. White Artigos Dentdrios LTDA) 255+0.7
Periorgard mouthwash (positive control) 19.0+ 0.0
IC1 19.0
S. sobrinuns IC 22x d 14.0+£14
ATCC 33478 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 9.5+£0.7
Periorgard mouthwash (positive control) 21.0+0.0
IC1 14.0
S. sanguinis IC 22x d 12.0+2.8
ATCC 10556 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 105+ 0.7
Periorgard mouthwash (positive control) 18.0+ 0.0
IC1 20.0
S. mutans ATCC IC22xd 10.0+£238
25175 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 10.0+ 0.0
Periorgard mouthwash (positive control) 21.5+0.7
IC1 20.0
S. mitis IC 22x d 13.0+2.8
ATCC 49456 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 14.0+ 0.0
Perjorgard mouthwash (positive control) 18.5£0.0
IC1 19.0
L. casei IC 22x d 16.0+14
ATCC 11578 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 20.5+0.7
Periorgard mouthwash (positive control) 23.5+0.7

Table 1. Antimicrobial activity tests for the materials prepared in this work.

GIC Composition Source

Powd‘er.: Calcium ﬂuoraluminio'silicates Sol-Gel Methodology
Experimental C(.)nta.lmmg phgsphprus and sgf:hun} .

Liquid: Tartaric acid, polyacrilic acid, distilled

water

Powder: Sodium fluorosilicates, calcium SS White - Prima Dental
Conventional aluminium, barium sulphate, pigments. Group, Gloucester, UK
(Vidrion R) Liquid: Tartaric acid, polyacrilic acid,

destilled water

Table 2. Tested materials.
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Fig. 22. SEM micrographs recorded for the glass ionomer cements. (a) experimental and (b)
conventional

The micrographs revealed that the surface the conventional cement presents lower
homogeneity, compared to the experimental cement. The better homogeneity of the
experimental cement is due to the homogeneity of particle size, which promotes the same
physical-chemistry properties all over the cement surface.

The biocompatible test was carried out on the basis of the response obtained with the tissue
stimulated by the experimental cement and compared to that achieved with the
conventional cement. These responses were analyzed by means of morphological and
morphometric analyses of the reaction caused by these cements in the subcutaneous tissue
of rats. Polyethylene tubes were obtained according to the methodology used by Campos-
Pinto et al. [89]. To this end, an urethral catheter with an internal diameter of 0.8 mm was
sectioned sequentially at 10 mm intervals. After sectioning, one of the tube ends was sealed
with cyanoacrylate ester gel (Super Bonder, Aachen, Germany), to avoid extravasation of the
material to be tested. The obtained tubes were placed in a metal box and autoclaved at
120°C for 20 min. [90].

The data obtained for all the histopathological events assessed in each period of study are
presented in Table 3.

Histopathological 7 days 21 days 42 days
Events

GGI GGII CCG GGI GGII CCG GGI GGII CcCcG
Polymorphonuclear  +++  +++ ++ ++ ++ ++ - - -
Mononuclear +++  ++++ ++ ++ ++ ++ - - —
Fibroblasts +++ +++ ++ ++ ++ ++ ++ ++ ++
Blood vessels +++  H+++ A+ ++ ++ ++ -
Macrophage ++ +++ ++ - ++ - - - -
Giant inflammatory  ++ ++ ++ - - - — - -
cells

Score: (-) absent; (+) slight; (++) moderate; (+++) intense.
CG - control group; GI - experimental cement; GII - conventional cement.

Table 3. Summary of the data obtained for the histopathological events observed in each
group at the different periods of study.
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Figures 23, 24, and 25 show the biocompatible tests after 7, 21, and 42 days, respectively.

Fig. 23. Biocampatible tests after 7 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).

In the case of the control group (CG), connective tissue with delicate fibers, highly
cellularized with fibroblasts and several blood vessels adjacent to all the analyzed faces was
observed after 7 days (Figure 23A). A mild chronic inflammatory reaction was also detected.
As for the experimental cement group (GI) (Experimental GIC), a layer of cellularized
connective tissue with moderate chronic inflammatory reaction, predominantly formed by
lymphocytes and blood vessels, was observed after 7 days. Small areas of necrosis were also
noted (Fig. 23B). Few macrophages or foreign body multinucleated giant cells were seen.
Concerning the conventional cement (GII) (Conventional GIC), an intense chronic
inflammatory reaction, associated with hyperemic blood vessels and macrophages (Figure
23C) was detected after 7 days. Necrosis area was observed close to the dispersed material.

experimental GIC (C) (100X. H.E.).

After 21 days, the CG group presented a mild chronic inflammatory reaction in this period
(Figure 24A). As for GI (Experimental GIC), there was a mild chronic inflammatory reaction,
with few lymphocytes and several fibroblasts, in the connective tissue adjacent to the open
end of the tube. Foreign body multinucleated giant cells and macrophages were not
observed (Figure 24B). In the case of GII (Conventional GIC), the connective tissue exhibited
a moderate chronic inflammatory reaction. Phagocytic activity and rare necrosis areas were
also observed (Figure 24C).

After 42 days, the CG presented no chronic inflammatory reaction (Figure 25A). Concerning
the GI group (Experimental GIC), connective tissue with mild to absent chronic
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Fig. 25. Biocampatible tests after 42 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).

inflammatory reaction and residual dispersed cement was detected (Figure 25B), while
necrosis areas and other changes were absent. As for GII (Conventional GIC), there was a
mild to absent chronic inflammatory reaction, without foreign body giant cells or
macrophages. Some dispersed material was observed, but no necrosis areas or degenerative
changes were seen (Figure 25C).

In summary, both tested cements caused a mild to absent inflammatory response after 42
days, which is also acceptable from a biological standpoint.

3. Conclusion

Bioapplications that could provide better quality of life for humanity are desirable. It has
been demonstrated here that a series of materials prepared by sol-gel methodology
(hydrolytic and non-hydrolytic routes) present useful properties for application in biological
medium. Indeed, it was possible to obtain multifunctional materials by this methodology.
The combination of the different elements at molecular and atomic level affords potential
candidates for a variety of applications. The very interesting results obtained by us in the
present work indicate that this methodology can be applied for production of biomaterials
with potential application in several fields such as medicine, dentistry, veterinary,
engineering, chemistry, physics, and biology. Materials for use in the areas of bone implant,
restorative tooth coating, diagnosis, membrane permeability, biosensor, scaffolding, and
drug delivery can be prepared and transformed into biocompatible, bioactive, bioinducer
materials with different properties and composition, since this methodology allows for
production of materials with controlled stoichiometry and particle size.
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1. Introduction

DNA was first discovered as the carrier of genetic information for the majority of the known
living organisms, encoding the secret of life. Its delicate design based upon double helical
structure and base pairing offers a stable and reliable media for storing hereditary codes,
laying the foundation for the central dogma (Watson et al. 2003). The impact of this
molecule is far reaching into scientific community and our society, as manifested in many
fields, for instance, forensics (Budowle et al. 2003), besides medicine.

To date, a great deal of research effort has been directed towards understanding DNA’s role
in maintenance and expression of genome, and in the application of this understanding to
biology and medicine, which is partly fueled by the market needs (e.g., DNA sequencer
equipment market alone is expected to reach $450 million by 2010 (Saeks 2007)). For reviews
on the development in this area, especially using DNA or RNA per se as therapeutic
reagents in applications such as gene therapies, one is referred to a large number of reports
(Blagbrough & Zara 2009, Cao et al. 2010, Patil et al. 2005, Ritter 2009). While this remains
the center of the attention with the emergence of new subjects of knowledge including
genetics and genomics, recent decades have witnessed increased interest in using DNA as
structural components or guiding tools (LaBean & Li 2007) in developing novel materials
thanks to DNA’s many unique features. Among these features are its molecular recognition
with only four bases (specificity and simplicity), stable structure held by stacking H-bonds
and other weak forces and interactions (stability), and the ease in breaking of base-pairs and
thus separating strands allowing modification different than covalent-bond based structures
(reversibility and flexibility).

These attributes of DNA give rise to many favorable properties of DNA based macro-
materials that are having and will have a wide range of applications. In synthesizing and
constructing these DNA based structures, DNA has been used to provide template (e.g.,
(Aldaye et al. 2008, Niemeyer 2000)), serve as building block (e.g., (Ball 2005)), function as
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versatile linkages in the network (e.g., (Lin et al. 2004b, Um et al. 2006b)), and aid in the
fabrication of the nano-, micro-, and macro-materials (e.g., (Alemdaroglu et al. 2008)). This is
also of interest to the community of synthetic chemistry (Alemdaroglu & Herrmann 2007).
The scope of the current and potential applications of DNA based materials ranges from
DNA based electronics (Berashevich & Chakraborty 2008) and computing (Deaton et al.
1998) to novel material design (Dong Liu et al. 2007, Um et al. 2006a). The similar interest in
using other three major types of macromolecules, namely, protein, lipids, carbonhydrates, as
structural component for synthetic materials is also increasing (Ball 2005). For reviews in
this regard particularly those on DNA based nanomaterials, readers are referred to the latest
and comprehensive reviews by Seeman (Seeman 2007), Lu (Lu & Liu 2006, Lu & Liu 2007)
and others (Alemdaroglu et al. 2008, Ball 2005, Condon 2006, Mrksich 2005, Niemeyer 2000).
The focus of this review is the macroscopic materials designed, synthesized, and applied
based on or inspired by DNA and the application of these materials specifically for biology
and medicine.

Changes in the nanoscale structures can trigger macroscopic changes in the materials
(Schneider & Strongin 2009). For these macro-materials, incorporation of DNA into the
structural design confers a number of possibilities that would otherwise not be feasible. For
instance, DNA imparts temperature dependent mechanical properties to structures
crosslinked by them (Lin et al. 2004b), and unique aptamer interactions make possible phase
transition at room temperature (Yang et al. 2008). For these materials, variation at nano-scale
DNA structures can lead to sometimes dramatic changes in the bulk material properties,
exemplifying ‘little trigger” for ‘big changes’. Among these DNA based macro-materials, of
particular interest are a class of polymeric hydrogel materials, with the ever-increasing
significance and promises along with the rapid development in the area of tissue engineering
and biomaterials (Jiang et al. 2008b, Jiang et al. 2010c, Lin et al. 2006, Lin 2005, Lin et al. 2004b,
Luo 2003, Um et al. 2006b). Additionally, mimicking in vivo tissue remodeling and property
dynamics is of great importance in the reconstruction of the physiological conditions for cell
growth and tissue repair, and DNA based macro-materials help contribute to address the issue
thanks to modifications and alterations of the DNA based structures (Jiang et al. 2010b, Jiang et
al. 2010c). Therefore, the review first sought to identify the key properties that are directly
related to the design and synthesis of DNA based macro-materials and further recognizes the
unique properties that result from incorporation of DNA in the structures of macroscopic
materials. We then classified these DNA based macro-materials based upon the structural
designs (i.e.,, DNA only, DNA as backbone, and DNA as crosslinker), and surveyed the current
studies and potential application for each category of the materials from the literature. To aid
in the further development of DNA based macro-materials, we summarized the key design
parameters, considerations and major challenges. Lastly, we presented a conjecture on the
potential directions.

2. Properties of DNA and DNA based structures

2.1 Properties of DNA

The properties of DNA can be classified in mainly three different levels: the sequence, the
structure, and the folding pathway (Condon 2006). The composition or the sequence of
DNA based on only four nucleotides, namely adenine (A), thymine (T), guanine (G), and
cytosine (C), lays the basis for the primary structure, which also largely determines the
secondary and tertiary structures of DNA. The complementarity underlying Watson-Crick
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base-pairing of A:T and G:C and the stacking forces leads to the classical double helical
structure as well as other forms of secondary DNA structures (e.g., A and Z form of DNA).
Watson-Crick base-paring is intricately orchestrated by a number of week forces, including
hydrogen bonding, m-stacking, electrostatic forces, and hydrophobic effect (Aldaye et al.
2008). It also offers foundation for molecular recognition of DNA. Double stranded DNA is
capable of self-folding into complex structures, enabling it to locomote and respond to the
environment (Condon 2006). These three levels of structures give rise to some interesting
and useful features or attributes.

2.1.1 Chemical properties

DNA is a water-soluble macromolecule, and synthetic DNA displayed good
biocompatibility (Um et al. 2006b). It is generally stable under physiological conditions, but
can be hydrolyzed by acid and alkali when pH changes. At the same time, DNA is a highly
charged polymer mostly due to the phosphate group in the nucleotides. The flexibility of
single-stranded DNA (ssDNA) and the relatively weak bonding between base pairs of
duplex DNA allows interacting DNA strands to seek thermodynamically favored
configurations, making possible programmed self assembly of complex structures
(SantaLucia & Hicks 2004). G:C base-pair is more stable than A:C one due to the stronger
hydrogen bond present, thus GC content markedly influence DNA properties.

2.1.2 Cleavage

DNA can be cleaved primarily based on three ways: hydrolysis, photochemistry and
oxidative reactions (Biggins et al. 2006). In the natural living systems, hydrolysis is the
primary mechanism. These mechanisms allow for different approaches in degradation of the
DNA based materials or ways of protecting these materials from attacks. For example, in
designing DNA only or DNA crosslinked macro-materials, the sequence of the DNA can be
chosen in a way that it would be protected under physiological conditions while degraded
upon pathological cues (e.g., bio-metal concentration (Jain et al. 1996)) releasing
encapsulated therapeutic agents.

2.1.3 Enzymatic modification

DNA is susceptible to modification including cleavage and chemical deletion or addition by
a large number of enzymes. Nature has created a rather delicate and precise machinery to
manipulate, such as cutting, ligating, unwinding, folding, synthesizing, initiating,
modifying, and deleting, DNA in vivo(Braun & Keren 2004, Watson et al. 2003). Many of the
enzymes involved in the process have been identified, namely, restriction enzymes, ligase,
helicase, gyrase, polymerase, primase, proofreading exonuclease, and a host of other
enzymes.

2.1.4 Physical properties

Double stranded DNA is semi-flexible and can possess high rigidity. Upon based pairing,
and DNA strands can be straightened, which underlying the design of a nano-actuator
(Simmel & Yurke 2001) (Figure 1). Previous studies on DNA mechanics suggest that DNA
strands can be considered as rigid rods with tensile modulus of hundreds of MPa (Smith et
al. 1996) when the force applied is below certain threshold, and this leads to a smaller
possibility of stretching DNA longitudinally.. Meanwhile, the energy to bend a DNA strand
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is inversely correlated to its length (Bustamante et al. 2003). It is emphasized here that as the
earlier work pointed out, the physical properties of DNA are closely tied to its biological
functions (Vologodskii & Cozzarelli 1994).
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Fig. 1. Schematic of a DNA- based actuator and application to a DNA crosslinked macro-
material. (A) In the nano-scale structure, at ‘Relaxed” state, double-stranded (ds-) DNA is
held by a single stranded (ss-) DNA, forming a loop structure. Upon the delivery of fuel
strand (F) which base-pair with the ssDNA portion of the loop straightens the loop. With the
introduction of the complementary of F, or T the fuel strand is displaced, resulting in
restoration of the relaxed stated of the loop. Extracted from (Simmel & Yurke 2001), with
publisher’s permission. (B) Incorporation of this nano-structure to the formation of a
polymer gel. (Ba) Initially, both the crosslinks and polymer chains are slack. (Bb) As the fuel
strand hybridizes with the motor domain, the crosslink stiffens and compressive forces are
generated, in turn tensing the polymer chains. (Bc) The removal strand hybridizes with the
fuel strand at the toehold region. (Bd) Once the removal and fuel strands are fully
hybridized, the gel reverts to its initial state. Extracted from (Lin et al. 2006), with
publisher’s permission.
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2.1.5 Denaturing/Re-annealing

Upon being heated above its melting temperature (Twm), duplex DNA will separate into
complimentary strands of ssDNA since the hydrogen bonds between the two strands and
other stabilizing forces in the duplex can not withstand the separating forces. Once this
occurs, DNA is called being degraded, denatured, or melted, and this process can be
reversed if the melted DNA is cooled slowly, for which the term ‘re-association’, ‘re-
naturation’, or ‘re-annealing’ is used (Bart Haegeman 2008, Dhillon et al. 1980, Li et al.
2001, Smith et al. 1975). Four major factors dictate the rate of re-association: temperature,
salt concentration, DNA concentration, and the length of DNA strand (Li et al. 2001). The
optimal re-association temperature is approximately 20°C below melting temperature,
and the presence of adequate amount of cations is necessary for re-annealing (Li et al.
2001). In this regard, the lack of proper re-associate conditions leads to the non-reversible
change in the materials properties, such as that of EGDE crosslinked DNA gels (Topuz &
Okay 2008).

Besides the aforementioned properties that are most relevant to the derivation of DNA
based materials for biological application, DNA also possesses a multitude of other
properties, including electronic and magnetic ones, that are attractive for applications
including DNA based molecular electronics (Berashevich & Chakraborty 2008).

2.1.6 Self-assembly in DNA hydrogels

The remarkable molecular recognition capabilities of DNA make it a promising candidate
for development of materials with highly complex structures (Chhabra et al. 2010, Um et
al. 2006a). Xing at el. reported synthesis of pure DNA hydrogels, based on self-assembled
DNA building blocks with more than two branches. These DNA hydrogels showed
thermal and enzymatic responsive properties (Xing et al. 2011). DNA can also be
covalently grafted onto synthetic polymers and serve as a cross-linker (Alemdaroglu &
Herrmann 2007). The recognition of complementary DNA strands leads to cross-linking of
polymer chains and causes hydrogel formation. Zhang et al. reported DNA hydrogels
based on N-(fluorenyl-9-methoxycarbonyl)-D-Ala-D-Ala as the cross-linker, which
exhibited gel-sol transition upon binding to its ligand (Zhang et al. 2003). Kang et al.
developed a photo-responsive DNA-cross-linked hydrogel that exhibited sol-gel
transition on exposure to different wavelengths of light. Specifically, photosensitive
azobenzene moieties were incorporated into DNA strands, such that their hybridization to
complementary DNAs responded differently to different wavelengths of light (Kang et al.
2011). They also showed the capability of such photo-responsive gels by controlling
encapsulation and release of multiple drugs. Jiang et al. designed and developed DNA-
polyacrylamide hydrogels based biomaterials, which exhibited the ability to increase and
decrease its stiffness in-situ, depending on the DNA cross-linker (Jiang et al. 2008a, Jiang
et al. 2010a, Jiang et al. 2010c).

2.2 Properties of DNA based macromaterials

DNA has also proven to be a useful material to give bulk materials added functionality. This
is exemplified in the introduction of DNA nanostructures to the design of DNA based
macromaterials (Figure 1) While we will discuss the classification of the DNA based macro-
material in depth in the next section, here we survey the new and added functionality that
are reported.
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2.2.1 Adhesivity

The adhesive properties or the DNA based macromaterials are of significance when they
are to be used for applications such as tissue repairs or wound healing where most cells in
contact are anchorage-dependent. In a DNA crosslinked hydrogel material, it has been
established that with the varying length of DNA crosslinker and different crosslink
density, the surface ligand density is not noticeably modified (Jiang et al. 2008b).

2.2.2 Swelling

DNA based macromaterials particularly hydrogel, similar to other hydrogels, can swell
in the aqueous conditions, which will be encountered in the in vivo applications. In a
DNA-only gel system, it has been observed that in de-ionized water the gel can swell to
over 6 times by volume (fiber length) (Lee et al. 2008). Up to one fold increase in weight
has been observed for a DNA gel where dsDNA or ssDNA interacts with a cationic
surfactant, CTAB (cetyltrimetrylammonium bromide), after swelling (Moran et al. 2007),
which is in contrast to the case where proteins (e.g., lysozyme) replace CTAB. For a DNA
crosslinked hydrogel, the observed swelling ratio reaches up to 4 times in volume
(unpublished data).

2.2.3 Pore structure

In designing bio-scaffolds for tissue engineering applications, the size and range of the
pores in the hydrogels is one of the most critical issues. Early investigation has primarily
determined the range of pore size from ~20 um to 100 um suitable for cell growth and
functioning (Chevalier et al. 2008), while in the drug delivery applications, pore size
affects the size of the drug the delivery vehicle is capable of carrying and releasing (Lin &
Metters 2006). Um and colleagues devised a hydrogel material based purely on DNA
strands for cell encapsulation and reported survival and growth cell of CHO cells inside
the hydrogel days after the culture. Aiming at the potential drug delivery applications,
Liedl and coworkers examined a DNA crosslinked hydrogel and inferred the pore size
from experimental investigation by using quantum dots (QDs) (Liedl et al. 2007).
Interestingly, although the pore size of this hydrogel was found to be ~100 um,
nanoparticles of 10 nm range can still be trapped. In this hydrogel, the pore structure
depends on the length of the crosslinker, the nature of the polymer and interactions
between the two. It is noted that in addition to the pore size/distribution and porosity
that are generally of concern, pore interconnectivity, shape and uniformity are also of
great significance in certain applications (Li et al. 2003).

2.2.4 Sol-gel transition

For DNA based macromaterials, particularly polymeric hydrogel material, gelation point
exists between the solid and gel phases. For DNA crosslinked hydrogel, it is a function of
crosslinking density, monomer concentration, and crosslinker length (Jiang et al. 2008a, Wei
et al. 2008). At a pre-determined crosslinker length and monomer concentration, raising
crosslinking density results in sol-gel transition, as reflected in high viscosity (Lin et al.
2004b) (Figure 2) also observed in other studies (Li et al. 2005). For DNA gels based on
crosslinked DNA network (e.g., by EGDE) discontinuous phase transition has been reported
(Amiya & Tanaka 1987, Topuz & Okay 2008).
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Fig. 2. Mechanical properties of DNA based macro-materials. (A) Rhelogy of DNA gels
prepared from Y-shaped DNA at pH5.0. Dependence of storage (G, solid line) and loss (G”,
dashed line) modulus on the concentration of the Y-shaped DNA unit (A1) at 25°C and on
the temperature at the concentration of 0.60 mM of Y-shaped DNA unit (A2). Extracted from
(Cheng et al. 2009). (B) Changes in viscosity of DNA gels of Design B with respect to the
temperature at various levels of crosslinking (only show 0%, 14%, 27%, 30% and 100% for
clarity) (B1) and changes in mechanical stiffness (modulus, E) with respect to the level of
crosslinking for a DNA-crosslinked hydrogels of two designs (A) and (B) (Jiang et al. 2008b)
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(B2). Open symbols and solid line represent stiffnesses of DNA gels of Design A (20/20/40
for length of SA1/SA2/12) (extracted from (Lin et al. 2004b)) and solid symbols and dotted
line represent stiffnesses of DNA gels of Design B (10/10/20). Note that at 37°C, the DNA
gels are effectively solid. (C) Rhelogy of DNA solutions or gels with EGDE crosslinking
(A0%; O1.0%; ¥2.5%) during heating-cooling cycles. w=1 Hz, strain is 0.01. Extracted from
(Topuz & Okay 2008). Both images with publisher’s permission.

2.2.5 Reversibility

As pointed in the previous section, DNA can be thermally degraded, and naturally bulk
material based on DNA could experience property change along with DNA denaturing.
Upon slow cooling and other proper conditions, DNA can re-anneal restoring the macro-
material. For DNA crosslinked hydrogel, it is also possible to realize the reversible property
change by introducing carefully design DNA strand bypassing the need of applying
environmental stimuli such as light, pressure or temperature (Jiang et al. 2010b, Liedl et al.
2007, Lin et al. 2006). The key to this feature is branch migration based strand displacement
(Lin et al. 2006) where a sticky end at the periphery of the DNA strands is necessary.
Typically, the hybridization reaction occurs between two complementary DNA strands, and
is affected by temperature and strand length. The process has a low rate constant several
orders of magnitude less than the hybridization reaction (Reynaldo et al. 2000), and by
designing a toehold, the process can increase dramatically (Yurke & Mills 2003). Yurke and
Mills have determined that for a toehold length of eight bases, the exchange rate increases
by six orders of magnitude (Yurke & Mills 2003). Branch migration takes place when a
single-stranded DNA (ssDNA) competitively hybridizes with one strand of the DNA duplex
starting at the sticky ends (or ‘toehold’), and extends the hybridization until that strand is
displaced entirely from the original DNA duplex (Watson et al. 2003). (Figure 1B)
Essentially, since this strand has more complementary base pairs with the targeted ssDNA
than do the side chains, generation of the doubled-stranded product is energetically
favorable (Yurke & Mills 2003).

Consequently, the absence/ presence of sticky ends offers off/on switch for the reversibility
of gelation or possibility of structural modification with crosslinking density change. This
special feature has fueled the interest in its drug delivery application (Liedl et al. 2007, Wei
et al. 2008).

2.2.6 Mechanical properties

Mechanical properties including moduli have been investigated for various DNA based
macromaterials (Figure 2). DNA crosslinked hydrogels display temperature and
crosslinking density dependent viscosity, mechanical property and gelation point (Figure
2B) (Jiang et al. 2008a, Lin et al. 2004a). Chippada and colleagues developed formulation
based on non-spherical inclusions, and made possible the probe of heterogeneity (variation
with respect to. location) and anisotropy (difference with respect to direction) in the
materials commonly seen in biological tissues (Chippada et al. 2009a, Chippada et al. 2009b).
Other investigator used rheology and other techniques in mechanical characterization
(Topuz & Okay 2008).

Increase in crosslinking density, microscopically straightens the single-stranded DNA
side chain, and stiffens the micro-structure. Macroscopically, it is reflected in the increase
in mechanical stiffness. The rigid dsDNA provides resistance also to compression,
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contributing to the creation of artificial tensegrity (Ghosh & Ingber 2007, Ingber 2006, Liu
et al. 2004).

2.3 Approaches in characterization of DNA based macro-materials

Owning to the unique features from DNA, special considerations have to be taken in
characterization of the DNA based macro-materials, which poses challenges and stimulated
novel ways of probing.

2.3.1 DNA incorporation

Incorporation of the delivered DNA can be assessed indirectly by probing the residual DNA
concentration where direct assessment is difficult, if not impossible (Jiang et al. 2010c). In
this approach, a DNA strand with non-specific sequence was also included as a negative
control to show that the only DNA strands with specific sequence can base-pair with the
available DNA side chains on the polymer, and were truly incorporated into the network
rather than pure diffusion. Additionally, in measuring DNA concentration, the differential
in UV absorbance between ds- and ss-DNA can be used for the detection of crosslinking or
de-crosslinking (see, for example, (Cheng et al. 2009, Topuz & Okay 2008)).

2.3.2 Mechanical properties

To investigate mechanical properties of the DNA based materials, a number of methods has
been developed (Chippada et al. 2009a, Lin et al. 2004b, Topuz & Okay 2008). Lin and
colleagues developed an inclusion based formulation to address the issue of limited
availability of samples, sample preparation and intrusiveness associated with conventional
testing apparatus (e.g. Instron, or dynamic mechanical analysis (Um et al. 2006b)) for these
materials (Lin 2005, Lin et al. 2004b). Recently, along this line of work, nanoscale rods were
deployed and new formation has been developed to assess the inhomogeneity and
anisotropy of the hydrogel materials (Chippada et al. 2009a). Mechanical properties
including stiffness can be used to infer the structure of the DNA based macro-structures. For
instance, for a DNA crosslinked polyacrylamide hydrogel, the crosslinking density of DNA
crosslinked hydrogel has been correlated to its mechanical stiffness for a specific crosslinker
design, thus the choice of crosslinking density can be made aiming at specific mechanical
stiffness range (Jiang et al. 2008b, Lin et al. 2004b).. Moreover, drastic change in the viscosity
or rheology has been used as indicator as watershed between sol and gel-states

2.3.3 State of DNA strands

Fluorophore attached DNA strands have been previously deployed to examined the
dynamics of DNA base-pairing. The mechanism behind this approach is that the distance
change between two dyes, or fluorophore/quencher, can be probed by various techniques
including FRET (Fluorescence resonance energy transfer), which indicates the state (e.g.,
bent or straightened) of the DNA strands (Simmel & Yurke 2001). Atomic force microscopy
(AFM) is a powerful tool capable of resolving nano-scale features, and has been used to
probe the DNA based structures (e.g., (Liu et al. 2004)) with limitations in resolution (a few
nm) (Um et al. 2006b). Optical properties can also be used to monitor the state change (e.g.,
DNA binding to cations, DNA packing or denaturation) based on drug-hydrogel
interactions by using circular dichroism (CD) along with other techniques such as polarized
Raman spectroscopy(Lee et al. 2008, Tang et al. 2009).
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3. Current DNA based macro-materials and applications in biology and
medicine

Seeman and colleagues pioneered the work employing DNA as a structural material in
creating nanodevices (Seeman 1981, Seeman 1982), and reported designs of nano-scale
structures such as rings(Mao et al. 1997), cubes(Chen & Seeman 1991), and octahedral
(Zhang & Seeman 1994). More investigators joined the effort stimulating the emergence of
structural DNA nanotechnology (Douglas et al. 2009, Rothemund 2006, Seeman 2007, Yurke
et al. 2000), particularly aptamers, DNAzymes, and molecular beacon (Condon 2006, Lu &
Liu 2006, Wang et al. 2009).

Of particular interest is the fact that a number of the designed structures inspired by DNA
offer a large variety of design parameters (e.g., sequence and DNA-protein interactions) to
the nanotechnology engineers. When they are incorporated as part of the macrostructures
such as a hydrogel network, by changing the design parameters at the nanoscale DNA
structures, dramatic physical and chemical properties changes can be achieved at macro-
level. Some of these properties and functionalities are highly desirable in biology and
medicine. Moreover, due to the unique properties of DNA, in situ modifications of nano-
level structures become possible, which often result in the dynamic properties of macro-
level materials thus supply dynamic cues in biological applications. Furthermore, in
realizing these changes, a great number of physical, chemical and biological stimuli can be
employed together (Lu & Liu 2007), offering augmented flexibility in designs.

Owing to DNA’s water solubility and the resemblance to the physiological environment, DNA
based macro-materials particularly hydrogels is stimulating ever-increasing interest.
Hydrogels are a class of hydrophilic polymers that possess both solid- and liquid-like
properties, and they typically consist of an insoluble network of crosslinked polymer chains
immersed in solvent. They have attracted great interest and have become ever-increasingly
popular for many applications, including biomedical ones. Due to its hydrated nature, a
hydrogel can better mimic the properties of the natural tissues and neural micro-environment
that cells reside in. This has fueled the interest and development of hydrogels-based tissue
engineering scaffolds. In addition, hydrogels generally respond to the environmental factors
such as temperature and pH, and thus are among the candidates for the development of drug
delivery systems. Based on the types of crosslinker, hydrogels can be categorized into two
classes; gels with covalent junctions and gels with physical junctions (weak forces, physical
entanglement or others), or more simply stated, chemical and physical gels. Natural polymers
are synthesized by living organisms mostly through enzymatic processes, while synthetic
polymers generally involve either condensation or addition approaches. Crosslinking yields a
polymer network where polymer chains are inter-connected.

Along this line, a number of DNA based hydrogel materials have been devised and
characterized, among which are those consist solely of DNA strands (Cheng et al. 2009,
Mason et al. 1998, Um et al. 2006b), those with polymer backbone and DNA crosslinkers
(Lin et al. 2004b, Nagahara & Matsuda 1996), and those with DNA as polymer backbone
connected via physical or chemical bonds (Topuz & Okay 2008), where DNA “nanoswitch’
impart the hydrogel materials desired functionality and properties (Figure 3).

3.1 DNA based macro-materials
The majority of the DNA based macromaterials fall in the following three categories (Table
1) and examples of these materials are shown in Figure 3.
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Fig. 3. Examples of DNA based macromaterials. (A) A DNA-only hydrogel: the schematic of
the DNA structures (A1) and a prepared DNA gel (A2). Extracted from (Um et al. 2006b).
(B) A EGDE crosslinked DNA gel (DNA as backbone): the schematic of the crosslinked
structure (B1) with short thick black stick indicating EGDE bond and thin black stick
indicating hydrogen bond (extracted from (Topuz & Okay 2008)) and resulting gels with
varying EGDE content (B2) (extracted from (Topuz & Okay 2009)). (C) DNA crosslinked
polyacrylamide hydrogel: the schematic showing the difference between DNA- and bis-
crosslinked hydrogels (C1) (extracted from (Jiang et al. 2008b)) and a prepared gel (C2) ina
well of a 24-well plate. All images with permission from publishers.

3.1.1 DNA-only network

The aqueous solution of DNA strands (~ 2,000 bps in length) can be viscous at high
concentration before the critical overlap concentration is reached. Beyond this critical
concentration, a weak gel can be formed due to the overlapping and entanglement of the
DNA strands (Mason et al. 1998, Topuz & Okay 2008). Since the gelation point is reached
based upon physical interactions rather than chemical bonds, this hydrogel is termed
‘physical gel’ (Mason et al. 1998, Topuz & Okay 2008). Though this approach has its
advantages in the availability of the natural long double stranded DNA, the lack of
controllability and stability limits their further application. Moreover, based on electrostatic
interactions, by introducing hydrophilic ionic liquids, DNA hydrogel fibers have also been
made (Lee et al. 2008). In this gel system, DNA strands compact into supercoils and bundle
up forming aggregates, and give rise to new material properties such as stability and
resistance to DNase digestion.

Luo group at Cornell University developed a hydrogel based entirely on DNA strand base
pairing (Figure 3A). The synthesis involves two major steps: first, branched three- or four-
armed ‘X', “Y’, and ‘“T’-shaped DNA structures were synthesized from single-stranded DNA
with partial complementarity based on DNA self-assembly; the sequence of the DNA
strands were chosen and sticky ends were included such that it is available for enzymatic
action; next, ligase, an enzyme capable of ligating DNA strands were deployed to connect
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the building blocks produced from the first step, thus forming a crosslinked DNA polymer
network. The resulting hydrogel has been shown to have swelling and mechanical
properties that are dependent on the initial concentration and the forms of DNA building
blocks, and biodegradability determined also by the building blocks (Um et al. 2006b). The
potential of applying this hydrogel for drug delivery application has also been
demonstrated. Very recently, this group also reported that by incorporating linear plasmids
into polymer network, this hydrogel is capable of generating natural proteins under cell-free
conditions (Park et al. 2009).

By using the similar Y-shaped DNA building blocks, but a different mechanism to connect
these building blocks, Cheng group also put forth a hydrogel design based entirely on DNA
nanostructures (Cheng et al. 2009). Different than the approach by Luo and colleagues,
enzymes are not needed in the synthesis. Rather, the sequence of DNA strands are designed
that it contains C-rich domain to take advantage of the triple hydrogen bond formation
which results in a crosslinker between two DNA building blocks. Because the formation of
such crosslinkers is pH dependent, the resulting macroscopic hydrogel can be formed only
at suitable pH and hence responsive to pH changes. This feature allows for a new scheme
for drug delivery based on pH, which hold promises in cancer therapies particularly those
associated with local pH changes. It is worthwhile noting that in these studies, relatively
short synthetic single-stranded DNA is required and that the quantity of the samples is still
limited (~20 puL) primarily due to the limited availability and cost in synthesis.

3.1.2 DNA as backbone

While DNA strands can be connected via enzymatic actions or base interactions where no
other chemical entity is involved, they also can be crosslinked by other molecules via either
physical or chemical interactions. In these materials, DNA constitutes the polymer
backbone. As an example, physical DNA gels have been developed based on the
interactions between DNA strands and sulfonium precursor of poly-phenylenevinylene (SP-
PPV) (Tang et al. 2009). Positively charged SP-PPV resulting from polymerization at alkaline
solution contributes to the hydrogel formation based on DNA/SP-PPV hybrids due to
electrostatic interactions. This gel system has demonstrated interesting stability and
resistance to heat or DNase attack, and the presence of DNA strands in gel network imparts
the material unique biological properties. As a proof of concept, its optical properties have
been shown to assist in monitoring drug delivery as illustrated in the recovery of
fluorescence upon release of drugs (Tang et al. 2009). Further application of this system
awaits the investigation on whether DNA will be shielded from enzymatic digestion under
physiological conditions or diffuse out of gel network (Tang et al. 2009).

Besides physical crosslinking, DNA backbone can also be chemically crosslinked. Topuz and
Okay (Topuz & Okay 2008) used ethylene glycol diglycidyl ether (EGDE) for this purpose
(Figure 3B), since epoxide group of EGDE can react with amino group in the bases of two
DNA strands, although the two bases can also be from the single strand. They discovered
novel thermal properties. At low crosslinking density, dynamic moduli are altered in a non-
reversible way when gels are subjected to heating and cooling, and this leads to a hydrogel
with Young’s modulus in the mega-Pascal (MPa) range. The increased physical
entanglement upon heating and hydrogen bond formation at cooling were identified as the
cause, although it is not clear whether controlling the kinetics of the DNA re-annealing
could affect the process. Horkay and Basser examined the effect of ion strength and
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concentration on osmotic and mechanical properties of these DNA gels (Horkay & Basser
2004). DNA gel particles based on interactions between DNA and CTAB, a cationic
surfactant, or lysozyme were developed by Moran and colleagues. In this physical gel, the
electrostatic forces help stabilize the gel network (Moran et al. 2007).

3.1.3 DNA as crosslinker

DNA has long been used to provide bases for assembling microscopic structures into
macroscopic objects by functioning as crosslinkers, and to give bulk materials added
functionality (Lin et al. 2004b, Nagahara & Matsuda 1996, Neher & Gerland 2005). For
instance, Mirkin and colleagues reported a method to organize colloidal gold nanoparticles
and form aggregates (Mirkin et al. 1996) based on DNA crosslinking. The motivation in
using DNA as linking reagents rather than the main building blocks or polymer backbone
lies partly on the fact that in those cases large quantities of synthetic DNA are currently
prohibitively expensive (Jiang et al. 2008a, Lin et al. 2004a, Mangalam et al. 2009), and that it
is challenging to characterize these structures(Storhoff & Mirkin 1999).

By using DNA hybridization instead of covalent bonding to form crosslinks between
polymer strands, hydrogel polymers have been given a temperature-dependent rigidity and
thermal reversibility in crosslinking and gelation(Lin et al. 2004b, Nagahara & Matsuda
1996), and a number of new possibilities including in situ property change (Jiang et al.
2010c). In an early work (Nagahara & Matsuda 1996), poly(N,N-dimethylacrylamide-co-N-
acryloxyloxysuccinimide) was reacted with 5-amino-modified 10-mer oligonucleotides
(oligoA or oligoT) to form polymer chains with short DNA side branches (Figure 4). Two
different crosslinked structures (Figure 4A) were produced: in one of them oligoA branches
from one solution of polymer chains hybridized with oligoT branches from the second
solution, and in the other of them two oligoT branches hybridized with a third 20-mer
OligoA strand. Gelation of the polymers as well as thermo-reversibility of crosslinking at
elevated temperatures was demonstrated.

While the simple sequences used in (Nagahara & Matsuda 1996) preclude the formation of
secondary structures (e.g., the hairpin structure), the possibility of off-alignment binding
between two complementary sequences is high. Although perfect alignment of oligoA and
oligoT strands is energetically favorable, misalignment by only a few bases may occur with
little penalty. Such misalignments may result in mechanically weakened, kinked crosslinks.
The probability of off-alignment binding between complementary DNA strands can be
reduced by designing base sequences. Towards this end, by incorporating Acrydite™
modified oligonucleotides in PAM gels, Lin and colleagues (Lin et al. 2004b) illustrated and
characterized reversible gelation and achieved a range of stiffness from a few hundred Pa to
10 kPa by varying crosslinker DNA density. They showed that sequence optimization is an
effective method of enhancing the stability of DNA crosslinks (Figure 4B). In these gels,
Acrydite™ modified oligonucleotides co-polymerize with acrylamide monomers to form
polymer long chains with DNA side chains of specific length and sequence designated as
SA1 and SA2. ‘Crosslinker’” oligonucleotides (L2) with a ‘toehold” assume the functions of a
crosslinker by hybridizing with SA1 and SA2 at the same time. By carefully designing
another single-stranded DNA (ssDNA), also called “removal” DNA that is complementary
to L2, one is able to reverse crosslinking process (Figure 5C). With this gel system, the pore
structure upon reversible crosslinking was explored, giving rise to the potential application
for controlled drug delivery (Liedl et al. 2007).
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Fig. 4. Design of DNA crosslinked hydrogel. (A) The two DNA-crosslinked structures by
Nagahara and Matsuda (Nagahara & Matsuda 1996). Oligonucleotides and their sequences
are represented by the boxes and oligonucleotides-polymer connections by the dots.
Extracted from (Nagahara & Matsuda 1996), with publisher’s permission. (B) The design by
Lin et al. (Lin et al. 2004b). SA1, SA2, and L2 represent DNA side chains and a crosslinker
complementary to both DNA side chains. A toehold can be added for reversibility.
Extracted from (Lin et al. 2006), with publisher’s permission.

Replacing the covalently bound bis-crosslinks with paired DNA strands results in a gel
possessing a number of potentially useful properties, such as thermal reversibility with a
tunable melting temperature, reversibility of gelation without heating and without the need
of initiator-catalyst system for re-gelation(Lin 2005, Lin et al. 2004b). More interestingly, by
modifying the DNA crosslinking (i.e.,, oligonucleotide length or concentration), the
mechanical properties of the gels can be engineered to take on particular values. Specifically,
via delivery of more crosslinks, the DNA association/dissociation ratio could increase,
resulting in a stiffened gel; in contrast, gels could be softened by lowering the crosslink
density with removal DNA strands (designated as CL2, Figure 5C) that are complementary
to L2. CL2 strands competitively base-pair with L2 strands and remove them from the gel
network. The ease with which the mechanical properties of DNA crosslinked gels can be
changed suggests that they would be useful in tissue engineering applications. This has
generated interests in using DNA as crosslinking agent for various applications
(Alemdaroglu & Herrmann 2007, Lied] et al. 2007, Murakami & Maeda 2005, Roberts et al.
2007, Wei et al. 2008, Yang et al. 2008). In addition, DNA has also been reported to crosslink
organic network such as cellulose (Mangalam et al. 2009).
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Fig. 5. Induce dynamic changes in DNA crosslinked hydrogels. (A) Addition of DNA
crosslinks the hydrogel and upon delivery of adenosine which competitively binds to the
crosslinker DNA, resulting in the reverse of gelation (a) as demonstrated in the transition
from solution (b) to gel (c) and then back to solution (d). Extracted from (Yang et al. 2008)
with publisher’s permission. (B) DNA hydrogel capable of capturing and releasing
thrombin based on thrombin-aptamer interactions. The end structure of DNA side chain A
has high affinity to thrombin to form thrombin-aptamer complex (Ba), which can be capture
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via DNA hybridization (Bb). Upon delivery of the ssDNA complementary to strand A,
thrombin is released. Extracted from (Wei et al. 2008) with publisher’s permission. (C) For a
DNA crosslinked hydrogel (Jiang et al. 2010b), delivery of the ‘removal’ DNA strand
complementary to the crosslinker DNA leads to de-crosslinking.

Dynamic materials can be used to manipulate cell behavior. In studies performed by
Langrana and colleagues, DNA-crosslinked hydrogels (DNA hydrogels) were used as the
underlying substrate to study the effects of dynamic mechanical cues on fibroblast behavior
(Jiang et al. 2010c, Previtera et al. 2011). The DNA hydrogels have the ability to temporally
change stiffness (Jiang et al. 2008a, Jiang et al. 2010c, Lin 2005, Lin et al. 2004a, Lin et al. 2005,
Previtera et al. 2011). Upon a decrease or increase in DNA hydrogel stiffness, expansion or
contraction forces are generated, respectively. The two properties cannot be decoupled (data
unpublished). When grown on these dynamic hydrogels, fibroblast morphology is
noticeably different compared to static hydrogels, which do not change in stiffness and thus
do not generate forces (Jiang et al. 2010c, Previtera et al. 2011). GFP fibroblast became larger
and more circular, compared to static conditions, when grown on DNA hydrogels that
became softer and expanded (Previtera et al. 2011). Therefore, as the underlying substrate
expands and softens, the GFP fibroblasts expand and become rounder morphology. This is
in contrast to GFP fibroblast grown on dynamic hydrogels with increasing stiffness and
contraction forces (Jiang et al. 2010c). These GFP fibroblasts became smaller and/or longer
when compared to static hydrogels. However, these results depended on magnitude of
hydrogel stiffness change (Jiang et al. 2010c).

3.2 Potential application of DNA based macro-materials
Three main areas of application are being explored by using these DNA based
macromaterials (Table 1).

3.2.1 Biosensor| Actuator| Bioelectronics

Hydrogels synthesized from DNA nanostructures hold promises as biosensor (Cheng et al.
2009, Lin et al. 2004b), Simmel and Yurke designed a DNA-based actuator capable of
switching between two physical states, which can potentially be used as motor to drive the
nano-robot (Figure 1) (Simmel & Yurke 2001). This approach, together with others
(Knoblauch & Peters 2004), can be adopted in hydrogel formation, giving rise to novel
materials with changing properties upon ‘fuel strand” delivery. Besides the potential uses of
DNA based macromaterials in sensors and actuators, DNA’s electronic properties and
molecular recognition, feasibility of DNA manipulation at nano-scale, and the trend of
miniaturization are driving the synergy between DNA and electronics. Braun and Keren
(Braun & Keren 2004) put forth a scheme of constructing DNA based transistors, in which
DNA is metallized and serves as a template for electronic circuit, which exemplifies DNA's
impressive capability of information storage and molecular recognition mechanism.
Incorporation of grafted oligonucleotides also leads to novel materials with high optical
resolution, and can be potentially used in biosensing (Tierney & Stokke 2009) (Figure 6A).

3.2.2 Drug delivery vehicle

In response to various environmental factors, DNA may alter its secondary and tertiary
structures, resulting in alterations in the bulk materials that are built upon them. Aiming at
drug delivery application for cancer therapy, a great deal of effort has been made in
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changes in the optical length for biosensing applications. Extracted from (Tierney & Stokke
2009). (B) DNA-only hydrogels based on branched Y-shaped DNA unit. Black i motif with
cytosine-rich regions crosslinks adjacent Y units (B1). The DNA gel prepared from this
design exhibited responsiveness to pH, in low pH where gold naoparticle (AuNP) was
trapped in the gel (a) and at high pH gel dissociation leading to AuNP release (b) Extracted
from (Cheng et al. 2009). (C) Neurite outgrowth on a DNA crosslinked hydrogel. Overlay of
higher power images of MAP2 and Tau-1 stain reveals that axons and dendrites could reside
closely in parallel with each other (C1). Red: Tau-1 immunostaining;

immunostaining; Blue: GFAP immunostaining; Purple: DAPI staining. Scale bar is 50 [m.
Comparison of neurite outgrowth, including mean primary dendrite length, primary
dendrite number, and axonal length per neuron, on DNA gels of two designs. Extracted
from (Jiang et al. 2008b). All images with publisher’s permission.

designing responsive DNA gels. Among all the cues is pH due to the fact that certain cancer
types are associated with local acidity (Gerweck & Seetharaman 1996). DNA motifs sensitive
to changes in H+ concentration has been incorporated in the DNA based hydrogel to realize
pH responsiveness. A DNA hydrogel in which gel-‘drug’ interactions are pH dependent
was also proposed (Tang et al. 2009) (Figure 6B) along with others gels (Roberts et al. 2007)
(Table 2). In this design, the electrostatic interactions that retain drugs in the gel network
can be reduced resulting in subsequent drug release (Tang et al. 2009). Besides pH,
temperature may be another environmental trigger for drug release, particularly for those
diseases with local temperature change (e.g., (Hildebrandt-Eriksen et al. 2002, Letchworth &
Carmichael 1984)). Thermal responsiveness of the DNA hydrogel has been designed based
on the temperature-dependent hybridization, sol-gel transition or physical properties (Costa
et al. 2007, Lin et al. 2004b, Topuz & Okay 2008). Ion strength or concentration has also been
explored to initiate drug release using DNA based macromaterials (Costa et al. 2006.,
Horkay & Basser 2004).

These hydrogels responsive to environmental factors hold promises in facilitating targeted
delivery of therapeutic reagents, while their application has inherent limitation. First, their
application is limited to where such environmental alterations exist; and second, their
controllability is limited due to undesired environmental changes that may occur; third,
their applicability is limited when temporal control in delivery is desired. Looking to
expand the scope of application, some investigators attempted to develop dynamic DNA gel
system without the need of environmental factors. DNA strand per se is naturally an ideal
candidate. Lin and colleagues demonstrated possibility of triggering de-gelation by
delivering ssDNA (Lin et al. 2006), and a similar scheme was adopted by Wei et al.. in
designing a DNA gel capable of releasing proteins based on aptamer-thrombin interactions
(Wei et al. 2008). Aiming at the same application relying on DNA aptamer-protein
interactions, a latest study explored a hydrogel system capable of sustained protein release
(Soontornworajit et al.). Diffusion profile and relationship between cargo size and pore size
of this system were studied, and it was found that the nano-scale particles can be trapped
even their size is smaller than the average pore size of the hydrogel network (Liedl et al.
2007). In addition to DNA strands, by using the similar system, adenosine has also been
shown as the trigger for changes based on its interactions with aptamers (Yang et al. 2008).
A recent work reported the enzyme triggered release of DNA in a polymer network with
grafted DNA duplex (Venkatesh et al. 2009). This system is based on the conventional
crosslinking but contains Acrydite modified DNA recognized by specific enzymes.



Development of DNA Based Active Macro-Materials for Biology and Medicine: A Review 49

Additionally, DNA gels have been shown to be an ideal candidate for cell capsulation (Um
et al. 2006b), potentially, serving as in vivo protein factory for protein synthesis and delivery
(Park et al. 2009). Examples of the studies using DNA-only, DNA-as-backbone, and DNA
crosslinked macromaterials on potential drug or gene delivery applications and the kinetics
of release are in Figure 7.
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Fig. 7. Kinetics in the release of therapeutic agent using DNA based macromaterials. (A)
Release of insulin (solid line) and CPT (camptothecin, dotted line) from a DNA-only gel.
From top down, the lines indicate Y-, T-, X-, and T- DNA gels. Extracted from (Um et al.
2006b). (B) Release of gold nanoparticles from an aptamer-crosslinked hydrogel at
interaction with cocaine. Extracted from (Zhu et al. 2010). (C) Release of antihypertensive
nicardipine hydrochloride containing one nitro group from a physical DNA gel based on
DNA and SP-PPV interactions. Extracted from (Tang et al. 2009) with publisher’s permission
(D) Cumulative release of DNA from a EGDE crosslinked DNA (as backbone) gel with
various crosslinking density under sunlight. Extracted from (Costa et al. 2010). All images
with publisher’s permission.

3.2.3 Biomaterials/Tissue engineering

As mentioned in the previous discussion, hydrogel materials has been gaining increasing
popularity due to its hydrated state mimicking natural tissues (Janmey et al. 2009, Nemir &
West 2009, Uibo et al. 2009). Following this direction, one line of interest in applying DNA
based macro-materials is to study cell-ECM interactions, an analog of tissue-biomaterials
interplay. A DNA only gel system has been proved to possess cyto-biocompatibility by



50 Biomaterials Science and Engineering

encapsulating CHO cells (Um et al. 2006b). Replacing the traditional bis-acrylamide
crosslinker in a popular bis-gel system (Wang & Pelham 1998), DNA crosslinker of 20-50 nt
long was used for the study of the effect of substrate stiffness on neurite outgrowth (Jiang et
al. 2008b) (Figure 6C). In this system, difference in rigidity was created by varying length of
the crosslinker, crosslinking density, or monomer concentration, among which crosslinking
density can be modified via DNA strand delivery in situ. The potential of using these DNA
crosslinked gels in tissue engineering application is promising (Chan & Mooney 2008,
Ghosh & Ingber 2007).

The added advantages by using DNA based macromaterials were further demonstrated
recently in subjecting cells to dynamic stiffness of the substrates (Jiang et al. 2010b, Jiang et
al. 2010c). These studies were motivated by the fact that the micro-environment that cells
reside in within natural tissues is dynamic and undergoes constant synthesis and
degradation in both normal and pathological conditions (Lahann & Langer 2005, Mrksich
2005). Moreover, aging, development, external assault, and pathological processes can also
lead to the alternations in the extracellular matrix (ECM) (Georges et al. 2007, Ingber 2002,
Silver et al. 2003). In addition, at the tissue-implant interface, cells can actively modify
surface of the implants, altering the stiffness of microenvironment of their own or other cells
(Marquez et al. 2006). The changing stiffness could potentially make it possible to achieve
optimal growth of a specific cell property (Jiang et al. 2008b) or direct stem cell
differentiation (Engler et al. 2006) at different time points. These facts make it very desirable
for the biomemetic materials to have the capability of undergoing controlled remodeling
with respect to time. Previously, a limited number of attempts have yielded exciting
findings (Chen et al. 2005, Lahann & Langer 2005, Mrksich 2005), in which dynamic changes
were induced largely through application of environmental factors (e.g., temperature, pH,
and electric field). However, the utility of these approaches in clinical setting could be
problematic. With the unique hydrogen bond based crosslinking, DNA based and
crosslinked materials, therefore, demonstrate time-dependent properties as reflected in
swelling and mechanical modulus, and offer a feasible way of dynamically altering the
macro-scale structure mimicking the in vivo conditions (Figure 8). Indeed, the initial results
have indicated that encapsulated cells are viable in a DNA-only hydrogel, and in a DNA
crosslinked hydrogel both mechano-sensitive cell types (e.g., fibroblast) (Figure 9) and
neuron whose mechano-responses are being appreciated just recently respond to the
changing stiffnesses, and the responses are specific to range and rate of changes and cell
type (Jiang et al. 2010a, Jiang et al. 2010c). A summary of DNA based macromaterials with
dynamic and responsive properties is presented in Table 2.

4. Design considerations in DNA based macro-materials

Different than other materials, DNA based macro-materials necessitate some unique
considerations due to involvement of DNA nano-materials.

4.1 Stability

As pointed out in the last section, DNA strand can respond to a variety of environmental
factors such as temperature, pH, and ion concentration and non-environmental factors such
as exogenous DNA or enzyme. While it allows design of smart responsive materials, it also
poses difficulties in maintaining the integrity of structures. Divalent or multi-valent cations
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Fig. 8. Time history studies of DNA based macromaterials. (A) Swelling/Deswelling profile
of a DNA-only hydrogel fiber. Swelling last till 25 min time point when different groove-
binding molecules were introduced. Extracted from (Lee et al. 2008). (B) Time history plots
of the elastic modulus and swelling ratio of a DNA crosslinked hydrogel. Both quantities
were first measured throughout the control phase during which no DNA strands were
added, first under the influence of electrophoretic power and then without it. Fuel strands
were migrated into the gel during the stiffening phase and removal strands were introduced
during the de-stiffening phase. Extracted from (Lin et al. 2006). (C) Changes in elastic
modulus G’ and temperature of DNA (as backbone) gel with time at different DNA content.
Extracted from (Orakdogen et al. 2010). All images with publisher’s permission.

such as magnesium have been shown critical in both dsDNA stability and re-annealing.
Thus using ion-containing buffer would be a better choice than deionized water in
maintaining gel structure and integrity. Interestingly, the gel collapse has been observed for
a EDGA crosslinked DNA gel system, where the form of dsDNA or ssDNA, DNA content,
and co-solutes in the medium contribute to the kinetics (Costa et al. 2007). The thermal
stability has been investigated in a number of studies. For a DNA only gel system, gels
based on ssDNA were less stable than those made from dsDNA perhaps due to the
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synergistic effect of multiple strands, possibly due to distinct linear charge density, strand
flexibility and hydrophobicity (Costa et al. 2007). DNA crosslinked polymeric hydrogel
exhibited thermal reversibility and sol-gel transition, which is correlated to the thermal
stability of the DNA base-pairing. As a result, in these gels DNA sequence has to be
designed for desired melting temperature (Tm) by adjusting length of the strand, GC
content, and/or thermal dynamics(Cheng et al. 2009, Lin et al. 2004a). It is noted that the
critical temperature for the DNA based bulk material may be different from that of the
involved DNA strands (Sun et al. 2005, Topuz & Okay 2008).
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Fig. 9. Study of cellular behavior using DNA based macromaterials. (A) CHO cells in a
DNA-only gel. Stained CHO cell encapsulated inside the gel (A1) and the majority of the
cells were viable (A2). Extracted from (Um et al. 2006b) with publisher’s permission. (B)
L929 fibroblasts growth on dynamic substrates based on a DNA crosslinked hydrogel.
(Upper panel) Typical morphology of L929 fibroblasts grown on DNA crosslinked
hydrogels at Day 4, two days following DNA delivery. Scale bar is 100 mm. (Lower panel)
Projection area and aspect ratio of L929 fibroblasts on DNA crosslinked hydrogels on Day 4.
Extracted from (Jiang et al. 2010c) with publisher’s permission.

Gels consisting of physically entangled DNA strands display resistance to DNase digestion
(Lee et al. 2008). The hybrid between DNA strands and other polymer (such as SP-PPV
(Tang et al. 2009)) also possess resistance to enzyme or heat. Thus, physical interactions
between DNA strands and composite between DNA and other polymer may provide shield
against enzymatic action.
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4.2 Sequence design

Different to the majority of the materials based on DNA as backbones and some DNA-only
gels where natural DNA (e.g., from salmon) was used, DNA crosslinked materials and DNA-
only gels with designed DNA building blocks carry synthetic DNA. The sequence can be
designed allowing added features. As we have discussed in the properties of DNA, the
primary structure, i.e., the sequence or the order of nucleotides, of DNA primarily determines
its secondary and tertiary structures, thus it is of significance to design sequence which gives
the desired bulk material properties. Meanwhile, although two complementary DNA strands
achieve their minimum energy state when they hybridize in the perfectly aligned
configuration, DNA hybridization does not occur without error (Deaton et al. 1998). In
addition, undesired interactions can occur between two strands as well as within a single
strand. Such interactions typically involve the binding of complementary regions comprising
only a small number of base pairs and include the formation of secondary structures such as
the hairpin loop. In designing DNA sequences, it is desirable to decrease the number of
possible mismatched hybridizations in order to maximize the efficiency of hybridization.
Design of a pair of equal-length sequences is essentially an optimization problem with the
minimization of undesirable (e.g., off-alignment) interactions as the objective function. For
instance, in the work by Lin et al. (Lin et al. 2004b), DNA sequence was generated by
incorporating into the algorithm the following considerations: minimization of undesired
interactions among strands and potential secondary structures, thermodynamic stability of the
hybridized sequence pairs (e.g., GC content, terminal sequences, and hairpin structures (Lin et
al. 2004b, SantaLucia & Hicks 2004)), and initiation of branch migration (e.g., length of sticky
ends) (Deaton et al. 1998, Felsenfeld & Miles 2003). C-rich domain can be incorporated where it
is desirable to have pH responsiveness (Cheng et al. 2009). It is noted, however, that due to the
limitation on the current technology, and synthetic single-stranded DNA can have length up
to 100 nt. The biological applications of these DNA crosslinked structures require additional
caution. Examples include the ending sequence of the DNA strands, and the melting
temperature needed to maintain the integrity of the DNA base structures.

4.3 Interaction between DNA and other entities

In the application of DNA based macro-materials for biology and medicine, DNA may
potentially interact with an array of biologic entities such as protein, small molecules, other
biopolymers, and endogenous DNA. The potential immunogenicity is also of concern. For
dynamic DNA based macro-materials, the interactions between stimuli and DNA are also of
interest. As an example, under physiological ion concentration, it was found that exchange
between mono-(e.g., Na+) and bi-(e.g., Ca2+)valent cations affects volume, osmotic, and
mechanical properties of a DNA gel consisting of DNA strands of ~2,000 bp. To avoid the
unwanted biological effect, such as delivery DNA serving as anti-sense DNA, in the design
of crosslinker DNA sequence, candidate sequences were screened by using a basic local
alignment search tool (BLAST) algorithm which checks against the sequence in the genome
of a specific specie and tissue type. To the same gel system, interactions between DNA
aptamer and adenosine was explored as a way to initiate de-gelation (Yang et al. 2008), thus
care needs to be exerted where such interactions are to be minimized in the presence of
natural adenosine. Additionally, DNA strands can react with proteins and lipids (Liu et al.
2007). For example, DNA strands were reported to affect fibril formation of collagen matrix,
and cation lipids (Liu et al. 2007). DNA-antibody interactions is another potential
consideration in the design of DNA based macromaterials (Di Pietro et al. 2003). Of
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particular concern in the drug delivery applications are the drug-DNA interactions (Chaires
& Waring 2001, Lu & Liu 2007).

4.4 Application of stimuli

Introduction of stimuli such as pH, ion concentration, or temperature may appear straight-
forward, while it is potentially a concern for the delivery of large molecule such as ssDNA
strands as cues. The kinetics and efficiency of delivery may be determined by the pore size
of the structures, biochemical conditions, and interactions between DNA and other entities
(e.g., soluble factors, inorganic compounds,) in the local microenvironment. To this end,
more effective and delivery of ssDNA may be required in the clinical application. The
thermal responses of the certain DNA gels merit attention due to the complexity in the
changes of the material properties observed. For example, the alterations in materials
properties induced by DNA denaturation and physical entanglement of resulting ssDNA
may not be apparent (Topuz & Okay 2008).

4.5 Crosslinker parameters

In DNA as backbone gel system with EGDE as crosslinker, better stability but low dynamic
moduli have been correlated to higher crosslinker content (Topuz & Okay 2008). Common
design parameter for DNA based macro-material using synthetic DNA as crosslinker include
DNA length and concentration and relative ratio of DNA and other components in the
composite. Increased DNA concentration, or crosslinking density, causes materials to reach
sol-gel transition and elevated mechanical stiffness beyond critical crosslinking density (Lin et
al. 2004b). DNA length may be another design parameter, although its effect on bulk material
properties was not noticeable when the length is in the 10 to 20 nt range (Jiang et al. 2008b).
Lastly but not the least, one of the major hurdles of research and development of DNA
based active materials using synthetic DNA is the relative high cost and limited availability
of the synthetic forms of DNA (Jiang et al. 2008b, Lin et al. 2004b, Mangalam et al. 2009).
Thus, this field of research awaits the development from other areas including synthetic
chemistry and molecular biology to address this issue, and the trend has been towards the
positive direction (Carlson 2009).

5. Outlook and potential directions

The progress outlined above has laid a solid foundation for the further development of the
DNA based macro-material and for the further application of these materials in biology and
medicine.

5.1 Inspiration from DNA nano-materials

The rapid development of DNA based nano-materials offers vast pool of ideas and hints,
based on which novel macro-materials can be designed. For instance, from an ion-
concentration based DNA-actuator (Fahlman et al. 2003), one could device a macromaterial
based on formation of intermolecular guanine quartets. Another example is that DNA
sliding, if tailored through the choice of base sequence in a periodic manner, may be useful
in imparting unique properties to the resulting materials (Neher & Gerland 2005). Moreover,
new stimuli for DNA nanostructures can be used for macromaterials. For instance, some
DNA strands have been shown to interact with biometals (Goritz & Kramer 2005), thus the
macromaterials constructed based on these DNA strands may have novel properties at the
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presence of physiological conditions. Other stimuli including light (Ogura et al. 2009),
antibodies (Wiegel et al. 1987), proteins (Xie et al. 2007) and micelle (Ding et al. 2007) used in
nanotechonlogy could be explored as the trigger for dynamic DNA based macro-materials.
Along this line, DNA interstrand crosslinking from radical precursor independent of O2
(Greenberg 2005) may be of interest.

5.2 Refinement of the current designs

For DNA only system, multiple designs of the DNA building blocks can be incorporated for
graded (with respect to time or location) control of the material properties. By combining
physical and chemical crosslinking, gels with DNA backbones may achieve properties not
seen in either system. Refinement of the DNA crosslinked hydrogel includes multi-step
control by introducing multiple DNA crosslinker in a single system allowing multiple-step
in increasing or decreasing crosslinking density. It also includes adding responsiveness to
multiple cues by inclusion of DNA crosslinkers that are sensitive to stimuli including pH,
temperature, and exogenous DNA strands. Responsiveness of these materials to different
stimuli may be combined for the benefits of versatility and wider range of applications and
control.

5.3 Force generation

It is possible to induce volume change of DNA based macromaterials as a way of generating
forces in all three categories of DNA gel system (i.e., DNA-only, DNA as backbone, and
DNA as crosslinker) (e.g., (Amiya & Tanaka 1987, Horkay & Basser 2004, Jiang et al. 2010c,
Um et al. 2006b)) if the materials are implanted at injury site (e.g., spinal cord injury). This
has been implicated to be useful in a myriad of applications including ‘towed” (stretched)
axonal regeneration (Bray 1984) in neural tissue engineering.

5.4 Dynamic porous scaffold

The porosity of the DNA-only gel system may be adjusted with DNA content and design for
specific applications such as drug delivery or tissue engineering. For the DNA crosslinked
macromaterials, the porosity and pore structure can be altered with the choice of
crosslinking density, monomer concentration and monomer nature. For example, in
constructing Acrydite-DNA crosslinked polymers (Jiang et al. 2008b, Lin et al. 2004b), the
reactive end of the Acrydite-modified oligonucleotides contains vinyl group, thus besides
polyacrylamide, poly-hydroxyethyl = methacrylate (pHEMA), poly-hydroxy-propyl-
methacrylamide(pHPMA), polymethyl methacrylate (p]MMA), and copolymers (e.g. pHEMA-
co-MMA and pHEMA-co-AEMA) are also candidates for DNA crosslinking (Table 3). These
polymers are among the most studied non-biodegradable polymers for tissue engineering
applications, including spinal cord injury research (Duconseille et al. 1998, Flynn et al. 2003,
Lesny et al. 2002, Novikova et al. 2003) owing in part to their inhere biocompatibility (Ratner
& Bryant 2004) and suitable pore size and porosity They have been engineered to carry
neuro-trophic factors and present communicating porous structures (e.g., (Bakshi et al.
2004)), and to facilitate necrosis reduction, vasculature formation and axonal outgrowth
across the graft-tissue interface (Dalton et al. 2002, Lesny et al. 2002, Yu & Shoichet 2005).

5.5 Controlled delivery
Previous work indicates that biomaterials based scaffold can provide enhanced gene
delivery efficiency (De Laporte & Shea 2007). In the DNA crosslinked gel network,
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possibilities exist that by designing DNA sequence specific for an enzymatic action, the gel
work can facilitate controlled release of the therapeutic reagent that is trapped in the gels
(Figure 9). Venkatesh et al. illustrated that such enzymatic mechanism can be used for the
delivery of DNA, though the release is not based on the change in the macro-material, but
rather the by-product of restriction enzyme action (Venkatesh et al. 2009). Pore size and
porosity of the gel network ought to design to facilitate such aim (Liedl et al. 2007).

5.6 DNA base-pairing

Although DNA’s capability of binding complementary strands with high affinity is
remarkable, it is not with limitations, as manifested in the errors in base-pairing and the
hybridization kinetics (Condon 2006). While Nature has come up with elegant and complex
machinery for error checking and correction in organisms, it remains a challenge in the
synthetic DNA and it is much desirable to have such capability as well in the synthesis of
DNA based active materials (Aldaye et al. 2008).

5.7 DNA modifications

It is promising to use DNA based materials as carrier for various protein-based therapeutics.
For instance, biotin-labeled DNA (Kuzuya et al. 2009) can be incorporated in the gel
network to attach streptavidin offering a means for protein separation, purification and
potentially delivery. In this design, the 5" end of the strands of DNA is biotinylated with a
biotin-triethyleneglycol (TEG) residual. The effect of the environmental conditions and other
factors on the biotin-streptavidin interactions could potentially be implemented as releasing
mechanism. Realization of these promises hinges on the deep understanding of the DNA
structure and properties and the interactions between DNA and others entities.

6. Concluding remark

Using DNA as a structural component has extended its functionality and significance
from its critical biological roles, and has yielded DNA based macromaterials with DNA
only, using DNA as backbone, and crosslinked by DNA. These DNA based
macromaterials have benefited a great deal from the unique properties possessed by this
molecule, and gained added functionalities and features such as thermal reversibility, sol-
gel transition dependent on crosslinking density, and tunable mechanical stiffness.
Currently, the application of these materials to the areas of bio-sensor/actuator,
bioelectronics, drug delivery, and bioscaffold and tissue engineering is under
investigation. There are a number of design considerations and parameters that are
important to the success of applying these materials, which include stability, DNA
sequence design, interactions between DNA and other molecules, and application of the
stimuli in the materials. A wide range of applications await further development of these
materials, particularly in the area of biology and medicine.
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*Note: bp: base-pair for double-stranded DNA; nt: nucleotide for single-stranded DNA

Table 1. Summary of DNA based hydrogel materials.
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Note: AuNP: Gold nano-particle; ssDNA: single-stranded DNA. PAGE: polyacrylamide gel

electrophoresis. SEM: scanning electron microscopy. TBD: To be determined

Table 2. Summary of DNA base materials with dynamic and responsive properties.
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DNA X-linked polymer Gel preparation Chemical structure Notes
pHEMA, Crosslink: L2 (replacing EGDMA) - Pore size:
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Table 3. DNA crosslinked vinyl polymers such as pHEMA and pHPMA.

8. Abbreviation

dsDNA: double-stranded DNA; ssDNA: single-stranded DNA; ECM: extracellular matrix;
bp: basepair; nt: nucleotide.
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1. Introduction

Nowadays, hydorxyapatite (HA) is widely used as bioceramics in reconstructive surgery, in
dentistry and as drug delivery materials due to the good biocompatibility and
osteoconductivity [Hench, 1998]. One of the limitations for the usage of these materials is
their low mechanical strength. Thus, many researchers focuses on the development of new
biomaterials, that combine the osteoconductive characteristics of bioactive ceramics with
sufficient strength and toughness for load-bearing applications. The combination of high
strength of the metals with osteoconductive properties of bioactive ceramics makes HA
coated metallic implants, which titanium (Ti) or its alloys was mainly used, very attractive
for the loaded-bearing applications in orthopedic and dental surgery[Long & Rack, 1998]. A
plasma spraying method has been conventionally employed for the HA coating. However,
this method has some problems (e.g. a poor coating-substrate adherence, lack of HA
crystallinity) for the long-term performance and lifetime of the implants [Aoki, 1994].
Therefore, new HA coating methods hava attracted great interests in recent years for
replacing the high temperature techniques like plasma spraying.

Hydrothermal hot-pressing (HHP) method is a possible processing route for producing a
ceramic body at relatively low temperatures (under 300°C) [Yamasaki et al., 1986]. The
compression of samples under hydrothermal conditions accelerates densification of
inorganic materials. It is known that the water of crystallization in calcium hydrogen
phosphate dihydrate (CaHPO, + 2H,O; DCPD) is slowly lost below 100°C [Peelen et al.,
1991]. If the released water can be utilized as a reaction solvent during the HHP treatment, it
is to be expected that the joining HA to metal can be achieved simultaneously under the
hydrothermal condition, in addition to the synthesis and solidification of HA through the
chemical reaction as follows [Hosoi et al., 1996]:

6CaHPOy « 2H,0 + 4Ca(OH)2 — Calo(PO4)6(OH)2 + 18H,0 (1)

In our previous reports, we have proposed a HHP method for bonding HA ceramics and
pure Ti, Ti alloys, Magnesium alloy, and Ti based bulk metallic glass by hydrothermal hot-
pressing techniques [Onoki et al., 2003a, 2003b, 2005, 2006, 2008a, 2008b 2009a, 2009b, 2010a,
2010b, 2010c, 2011].
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Ti-based alloys are beneficial for biomedical applications due to their low density, excellent
biocompatibility, and corrosion resistance. Combining the advantages of both bulk metallic
glass and Ti-based alloy, Ti-based bulk metallic glasses are expected to be applied as a new
type of biomaterial. However, it is well-known that the surface of bulk metallic glasses,
which are bioinert, must be bioactive to use as bone replacing medical/dental materials as
well as Ti and its alloys. Recently, it was reported a concept called “Growing Integrated
Layer” [GIL] that improves adhesion performance without cracking and peeling the ceramic
coatings [6]. In particular, if the metallic glass or alloy contains a very reactive component
like Ti, it can grow on the bulk metallic materials with its “root” in the bulk. This was
named the “Growing Integrated Layer” or “Graded Intermediate Layer [GIL]” and the
“Growing Integration Process [GIP]” for its formation process. Multiple layered, laminated,
integrated, graded, and diffused coatings have been investigated to decrease the stress
accumulation, which however, it is not easy, particularly when the interface is sharp. Even
widely diffused interface(s) of larger micron sizes are preferable for joining and coating bulk
ceramics on metallic materials. Such a GIL of oxide films grown from the “seed,” i.e., the
most reactive component in the bulk metallic materials is interesting as a novel process of
oxide film formations, especially because the oxide film can be fabricated in a solution at
such low temperatures as RT-200°C when chemical and/or electrochemical potentials are
added. Thermal stress accumulation can be avoided in those low temperature formations of
the ceramic film on the metal.

In this chapter, some hydrothermal technologies as low temperarure process were described
as HA ceramics bonding/coating methods and surface modification of various Ti metallic
materials, especially pure Ti and Ti-based bulk metallic glass.

2. Bonding HA ceramics and pure Ti

2.1 Hyrothermal hot-pressing

In this study, DCPD used as a starting powder was prepared by mixing 1.0M calcium nitrate
solution (99.0%; Ca(NO)s - 4H,O, KANTO CHEMICAL CO., INC, Japan) and 1.0M
diammonium hydrogen phosphate solution (98.5%; (NH,)2HPO4; KANTO CHEMICAL CO.,
INC,, Japan). The mixing was carried out at a room temperature (approximately 20°C). In
order to control the pH value of the mixing solution, acetic acid (99.5%; KANTO
CHEMICAL CO., INC,, Japan) and ammonia solution (28.0-30.0%; KANTO CHEMICAL
CO., INC,, Japan) were added. The value of pH was kept around 8.5 initially, and then
changed to 6.0 using the acetic acid and ammonia solution after the mixing in order to
prevent the formation of impurities and to produce pure DCPD powders. It has been shown
from preliminary tests that when no control of the pH was conducted the synthesized
DCPD contained the impurities such as CaHPO; (DCPA), and amorphous calcium
phosphate (ACP). The precipitate from the mixture was filtered and washed with deionized
water and acetone. The washed filter cake was oven-dried at 50°C for 24 hours, and then the
dried cake was ground to a powder. No impurity in the synthesized DCPD used was
detected by powder X-ray diffraction. The synthetic DCPD and calcium hydroxide (95.0%;
Ca(OH)2; KANTO CHEMICAL CO., INC,, Japan) were mixed in a mortar for 60min with a
Ca/P ratio of 1.67 which was stoichiometric ratio of HA.

A commercially available pure Ti rod (Nilaco, Japan, diameter: 20mm, thickness: 10mm,
purity: 99.5% JIS Gradel), 20mm in diameter, was used in this experiment. The Ti rod was
cut into disks with a thickness of 10mm. The disks were cleaned in deionized water and
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acetone by using an ultrasonic cleaner. The Ti surfaces were finished using 1500# emery
paper. After the surface finish with emery paper, the titanium disks were washed again by
deionized water, and then dried in air. The powder mixture and Ti disks were placed into
the middle of the autoclave simultaneously, as shown in Fig.1.
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Fig. 1. Schematic illustration of the autoclave for Hydrothermal Hot-Pressing(HHP).

The autoclave made of steel has a pistons-cylinder structure with an inside diameter of 20
mm. The pistons possess escape space for hydrothermal solution squeezed from the sample,
and this space regulates the appropriate hydrothermal conditions in the sample. A grand
packing of polytetrafluoroethylene (PTFE) is placed between a cast rod and push rod. The
PTFE was used to prevent leakage of the hydrothermal solutions. The stainless steel
(SUS304) autoclave has pistons within a cylindrical structure with an inside diameter of
20 mm. The pistons enable the hydrothermal solution squeezed from the sample to escape,
and this regulates the appropriate hydrothermal conditions in the sample.
Polytetrafluoroethylene (PTFE) is packed between a cast rod and a push rod. The PTFE was
used to prevent leakage of the hydrothermal solutions. Pressure of 40 MPa was initially
applied to the sample through the push rods from the top and bottom at room temperature.
After initial loading the autoclave was heated to 150°C at 10°C/min with a sheath-type
heater, and then the temperature was kept constant for two hours. The axial pressure was
kept at 40 MPa during the hydrothermal hot-pressing treatment. After the HHP treatment,
the autoclave was naturally cooled to room temperature, and the sample was removed from
the autoclave.

2.2 Adhesion properties evaluation

3-point bending tests were conducted to obtain an estimate of the fracture toughness for the
HA/Ti interface as well as for the HA ceramics made by the HHP method. Core-based
specimens were used for the fracture toughness tests following the ISRM suggested
method[Hashida, 1993]. The configuration of the core-based specimen is schematically
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shown in Fig.2. In order to measure the interface toughness, stainless steel-rods were glued
to the HA/Ti body and solidified HA body using epoxy resin in order to prepare standard
core specimens specified in the ISRM suggested method. A pre-crack was introduced in the
HA/Ti interface, as shown in Fig.2. The depth and width of the pre-crack were 5mm and
50pm, respectively. In order to determine the fracture toughness of the HA only, HA
specimens were sandwiched and glued with stainless steel rods. In this type specimens, a
pre-crack was introduced in the center of HA ceramics. The specimens were loaded at a
cross-head speed of Imm/min until a fast fracture took place. The stress intensity factor K
was employed to obtain an estimate of the fracture property of the HA/Ti interface and the
HA ceramics, using the following equation:

K=025(S/D)-Y.-(F /D") )

where D is diameter of the specimen(20mm), S(=3.33D) is supporting span, F is load, Y. is
the dimensionless stress intensity factor. The value of Y’. can be found in the literature
reference[Hashida, 1993]. Y’. was fixed 7.0 due to the initial crack depth, as shown in Fig.2.
The critical stress intensity K. was computed from peak load at the onset of fast fracture. It
should be mentioned here that the formula given in Eq.(2) is derived under the assumption
of isotropic and homogeneous materials. The HA/Ti bonded specimen used in this study
consists of 2 or 3 kinds of the materials. While exact anisotropic solution is needed for the
quantitative evaluation of the stress intensity factor, the isotropic solution in Eq.(2) is used to
obtain an estimate of the fracture toughness for the HA and HA/Ti specimens.

D(=20mm)

a(=5mm)

- >
S(=3.33D) Pre-crack

Fig. 2. Schematic illustration of 3-point bending test.
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Fig. 3. X-ray diffraction pattern of the HA ceramics.

2.3 HA/Ti Bonding and its adhisive properties

It is seen that the shrinkage started at approximately 90°C. This temperature is close to the
dehydration temperature of DCPD. Thus, it is thought that the shrinkage is initiated by the
dehydration of DCPD. The shrinkage rate became larger with the increasing temperature,
and then the shrinkage rate became smaller. The shrinkage continued during the HHP
treatment. The pressure was held at 40MPa constant for the whole period of HHP treatment.
As given in Fig.3, X-ray diffraction analysis showed that the DCPD and Ca(OH), powder
materials were completely transformed into HA by the HHP treatment. As demonstrated in
Fig.4, the HA ceramics could be bonded to the Ti disks at the low temperature of 150°C
using the above-mentioned HHP treatment. The density of the HA ceramics prepared by the
HHP in this study was 1.9 g/cm3. In addition to the DCPD powder, three different types of
powders were used as a starting material: HA and f-tri calcium phosphate (£-TCP). No
bonding with a Ti disk was observed, when the above starting powders were used and
treated by the HHP under the conditions of 150°C and 40MPa. Thus, DCPD was the only
starting material that produced HA /Ti bonded bodies among the precursors for HA used in
this study.

Fig.5 shows a photograph of the fracture surface in the bonded HA/Ti body after 3-point
bending test. It can be noted that the crack initiated from the pre-crack tip and propagated
not along the HA/Ti interface, but into the HA. This observation suggests that the fracture
toughness of the HA /Ti interface is close to or higher than that of the HA ceramics only. The
critical stress intensity factor K. was 0.30 MPam?/2 for the HA ceramics, and 0.25 MPam?/2
for the bonded HA/Ti. The toughness data are the average value obtained from at least five
specimens. The K. value for the bonded HA/Ti body gives a slightly lower value than that
of the HA ceramics only. The difference in K. data is potentially due to the residual stress
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induced by the thermal expansion mismatch between HA and Ti. The K. value achieved for
the pure Ti was close to the highest value obtained for the Ti alloys in our research [Onoki et
al. 2003]. The fracture appearance in Fig.5 may suggest that the interface toughness should
be equal or higher than that of the HA ceramics only. While further development is needed
to improve the fracture property of the solidified HA, the HHP treatment may have the
advantage over the plasma-spraying technique in the preparation of thermodynamically
stable HA without decomposition. The above results demonstrate the usefulness of the HHP
method for bonding HA and Ti in order to produce a bioactive layer in biomaterials.

Fig. 4. Photograph of the bonded body of HA ceramics and Ti metal (20mm in diameter).

Pre—crack

Fig. 5. Photograph of the fracture surface in a HA/Ti specimen after 3point bending test.
Note that the crack propagated into HA.
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2.4 Ti surface analysis by X-ray photoelectron spectroscopy (XPS)

Traditionally, Ti and its alloys have been reported to be bioinert. When embedded in the
human body, a fibrous tissue encapsulates the implant isolating it from the surrounding
bone forms. Since conventional metals as biomaterials are usually covered with metal
oxides, surface oxide films on metals play an important role not only against corrosion but
also regarding tissue compatibility. The composition of surface oxide film varies according
to environmental changes, although the film is macroscopically stable. Passive surfaces co-
exist in close contact with electrolytes, undergoing a continuous process of partial
dissolution and re-precipitation from the microscopic viewpoint [Kelly, 1982]. In this sense,
the surface composition constantly changes according to the environment. The film on
titanium consists of amorphous or low-crystalline and non-stoichiometric TiO» [Kelly, 1982].
The surface oxide film of titanium just after polishing in water contains not only Ti4* but
also Ti3* and Ti2* [Beck, 1973; Kelly, 1982]. Hydrated phosphate ions are adsorbed by a
hydrated titanium oxide surface during the release of protons [Hanawa, 1992]. Calcium ions
are adsorbed by phosphate ions adsorbing on a titanium surface, and, eventually, calcium
phosphate is formed. The above mentioned phenomena are characteristic in titanium and
titanium alloys [Hanawa, 1992]. In this regard, an anatase-like structure is effective for
apatite nucleation [Wei et al., 2002ab], whereas the naturally formed oxide film on titanium
surface is mainly amorphous. The ability of titanium in order to form calcium phosphate on
itself is one of the reasons for its better hard-tissue compatibility than those of other metals.
This property is applied to the surface modification of titanium and its alloys to improve
hard-tissue compatibility. In the case of alkali-heat-treated titanium, calcium and phosphate
are orderly deposited, and calcium deposition is the pre-requisite for phosphate deposition
[Yang et al., 1999].

It is easily expected that the bonding properties of the HA/Ti interface prepared by the
HHP method can be depended on the Ti surface conditions. As preliminary experimental
results, Ti surface finished in wet environment can be achieved bondong to HA ceramics
through the above mentioned HHP method. However, Ti surfaces before the HHP
processing have not been investigated precisely. The present study aims to investigate Ti
surface properties through X-ray photoelectron spectroscopy (XPS) analysis. Particular
attention was been paid to chemical composition and oxidation states of Ti in surface films
in order to explain the bonding mechanism of Ti and HA ceramics by the HHP.

A commercially available pure Ti rod was used. The Ti surfaces were finished using 1500#
emery paper in air and water conditions. After the emery paper finish, the Ti disks were
cleaned in deionized water and ethanol by using an ultrasonic cleaner, and then dried in air.
XPS was performed with an electron spectrometer (ULVAC-PHI, ESCA1600). All binding
energies given in this paper are relative to the Fermi level, and all spectra were excited with
the monochromatized Al Ka line (1486.61 eV). The spectrometer was calibrated against Au
4f;/> (binding energy, 84.07 eV) and Au 4fs/> (87.74 eV) of pure gold and Cu 2ps,2 (932.53
eV), Cu 2p1/2 (952.35 eV), and Cu Auger LsMysMy5 line (kinetic energy, 918.65 eV) of pure
copper. The energy values were based on published data [Asami & Hashimoto, 1977]. The
reproducibility of the results was confirmed several times under the same conditions.

In order to clarify the surface related chemical characteristics of the Ti, XPS analysis was
performed for the specimens as-polished mechanically in air or water environments. The
XPS spectra of the specimens over a wide binding energy region exhibited peaks of Ti 2p, O
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1s and C 1s. The C1s spectrum showing a peak at around 285.0 eV arose from a contaminant
hydrocarbon layer covering the topmost surface of the specimens. The spectra of the O 1s
electron energy regions about air and water finishing are obtained. In particular, the O 1s
spectrum was composed of at least two overlapping peaks which were so-called OM and
OH oxygen in water finishing Ti specimens. The OM oxygen corresponds to O2 ion in
oxyhydroxide and/or oxide, and the OH oxygen is oxygen linked to protons in the surface
film, being composed of OH-ions and bound water in the surface films. As shown in Fig.6(a)
and (b), The decomvoluted XPS spectra of the O 1s region contained three peaks originating
from oxide (O%), hydroxide or hydroxyl groups (OH-), and hydrate and/or adsorbed water
(H20) [Beck,1973; Kelly, 1982]. Calculated fitting curves area of the samples finished in air
and water environment was summarized in table.l. From these results, hydroxide or
hydroxyl groups (OH-) of the water finishing sample increased compared with the air
finishing sample. There is no distinguished difference between air and water finishing
specimens within the Ti 2p spectra.

XPS characterization revealed differences in the Ti surfaces properties between water and
air in finishing circumstances before the HHP treatment, as shown in Fig. 6(a) and (b).
Compared with the air finishing Ti samples, the O 1s region XPS spectra of the water
finishing Ti samples was significantly assigned hydroxide or hydroxyl groups (OH-) and
hydrate and/or adsorbed water (H,O). The HA/Ti bonding via the HHP processing could
be achieved in only water finished Ti samples, as shown in Fig.4. On the other hand, the Ti
samples finishing in air circumstance could not achieved the bonding to the HA ceramics.
From these results, the bonding model between Ti and HA ceramics through the HHP
method is suggested and summarized in below.

Calcium, phosphate and hydorate ions within the HHP autoclave solution are adsorbed on a
titanium surface, and eventually calcium phosphate is formed, and then solidified as
hydroxyapatite ceramics, as shown in Fig. 4. Similar model has been reported by Kokubo et
al during apatite derived from Simulated Body Fluid (SBF) [Kokubo & Takadama, 2006]. It
was guessed that the HA/Ti bonding behavior depended on amount of hydroxide or
hydroxyl groups (OH-) and hydrate and/or adsorbed water (H,O). In order to bond Ti and
HA ceramics through the HHP techniques, it is important factors that hydroxide or
hydroxyl groups (OH-) and hydrate and/or adsorbed water (H2O) are remained on Ti
surfaces. There is a threshold of amount of hydroxide or hydroxyl groups (OH-) between air
and water finished surfaces.

0% OH~ H,O
(a) Air 62.50%  18.20%  19.30%
(b) Water 5820% = 24.60%  17.20%

Table 1. Calculated fitting curve area portion of Ols XPS spectra shown in Fig.6(a) and (b).
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Fig. 6. O 1s XPS spectra of Ti surfaces finished in air (a) and water (b) environments (after

curve fitting analysis).
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3. Surface modification of metallic materials

3.1 Pure Ti

Recently, it was reported a concept called “Growing Integrated Layer” [GIL] that
improves adhesion performance without cracking and peeling the ceramic coatings.
Formation of a bioactive titanium dioxide (TiO;) hydro-gel layer has been shown to
improve the nucleation of calcium phosphate during chemical deposition. The TiO; layer
could be prepared by alkaline [Wei et al., 2002ab; Kim et al., 2000; Wen et al., 1998ab],
H>O; [Ostuki et al., 1997; Kaneko et al., 2001; Rohanizadeh et al., 2004], sol-gel [Oswald et
al., 1999] or heat treatment methods [Rohanizadeh et al., 2004]. It is demonstrated that the
treatment of Ti with a NaOH solution followed by heat treatment at 873 K forms a
crystalline phase of sodium titanate layer on the Ti surface resulting in improved
adhesion of apatite coating prepared by incubation in simulated body fluid (SBF) [Wei et
al., 2002ab; Kim et al., 2000; Takadama et al., 2001]. The authors concluded that release of
the sodium ions from the sodium titanate layer causes formation of Ti-OH groups that
react with the calcium ions from the SBF and form calcium titanate, which then could act
as nucleation sites for apatite crystal formation [Takadama et al., 2001]. Alkali treatment
results in the formation of a TiO; layer leading to a negatively charged surface, which in
turn attracts cations such as calcium ions [Wen et al., 1998a]. Etching with acid followed
by alkali treatment was also investigated to combine the surface roughness increase due
to acid treatment and formation of a TiO; bioactive layer [Wei et al., 1998b]. TiO> could be
also prepared using H>O. alone or a mixture of acid/H»O, or metal chlorides/H>O;
solutions [[Ostuki et al., 1997; Kaneko et al., 2001; Rohanizadeh et al., 2004]. Thus, it is
expected that the interface strength of HA/Ti bonded bodies prepared by the HHP
method can be improved, if the above-mentioned bioactive layer can be formed on the Ti
surface. The present study examines the effects of various surface modification of Ti with
5M NaOH solution on the HA /Ti bonding behavior via the HHP method.

A commercially available pure Ti rod (99.5%; Nilaco, Japan), 20mm in diameter, was used.
The Ti rod was cut into disks with a thickness of 10mm. And the disks were cleaned in
deionized water and acetone by using an ultrasonic cleaner. The Ti surfaces were finished
using 1500# emery paper. The Ti surface without a special surface modification is referred to
as “NORMAL” surface. After the emery paper finish, the titanium disks were washed by
deionized water, and then dried in air. In order to form bioactive TiO; and sodium titanate
layer on the Ti surface, some of the “NORMAL” disks were treated with alkali solution (5M
NaOH) under the same conditions used in the literatures [Wei et al., 2002ab; Kim et al., 2000;
Takadama et al., 2001]. The Ti disks were immersed in the NaOH solution for 24 hours.
Some of the Ti disks were further heat-treated at 873 K for 1 hour after the NaOH
immersion for 24 hours. It has been reported that the reaction layer formed by the NaOH
immersion at 333 K for 24 hours was easily detached by adhesive tape [Kim et al., 1997]. In
order to avoid the detachment of the reaction layer, the Ti needed to be heated up to 873 K
for 1 hour in an air. The Ti disk with the heat treatment at 873 K is labeled as “HEAT”
surface, and without the heat treatment is labeled as “IMMER” surface. In our previous
study [Onoki et al., 2003], the surface modification of Ti alloys (Ti-15Mo-5Zr-3Al and Ti-6Al-
2Nb-1Ta) with NaOH solution (5M NaOH) at 323 K for 2 hours could significantly improve
the bonding strength of the HA/Ti. Thus, it is expected that the same surface treatment on
the Ti surface may enhance the bonding strength of the HA /Ti. Some of the “"NORMAL” Ti
disks were placed into a small vessel with the NaOH solution and heated up to 323 K for 2



Novel Techniques for Apatite Coating on Various
Titanium Metallic Materials via Low Temperature Processing 77

hours. Ti disk treated with the hydrothermal NaOH solution is referred to as “HYDRO”
surface. After the above-mentioned treatments with NaOH solution, the Ti disks were
washed by deionized water, and then dried in air. The surface conditions of Ti disks are
summarized in Table 2.

In order to characterize the Ti surfaces, the surfaces were observed using scanning electron
microscopy (SEM: HITACHI FE-SEM S-4300, Japan) and were examined using FT-Raman
spectroscopy. The microprobe instrument used for the FT-Raman spectroscopy consisted of
a spectrometer (JOBIN YVON-HORIBA SPEX) fitted with a microscope (OLYMPUS-BX30,
Japan) which had spatial resolution on the sample close to 1um. The 632.8nm line of an He-
Ne laser was used as excitation, focused in a spot of approximately 1pm diameter, with an
incident power of 2mW.

NaOH Treatment 873K

TP remp(K) Time(h) | Heat
NORMAL - : ;
IMMER =~ 333 24 i
HEAT = 333 24 1h
HYDRO 423 2 i

Table 2. Conditions of the surface modifications of the Ti disks.

In order to characterize the reaction products formed on the Ti surface products,
observation by SEM of the Ti surfaces treated with the NaOH solution were conducted for
the “NORMAL”, “IMMER”, “HEAT” and “HYDRO” specimens, respectively. Furthermore,
analytical results of Raman spectroscopy analysis were obtained of the “NORMAL”,
“IMMER”, “HEAT” and “HYDRO” specimens, respectively.

The surface morphology of the “"NORMAL” specimen exhibits finishing lines in the nearly
horizontal direction, which were formed at the stage of surface polishing with the emery
paper. Raman spectra for the “NORMAL” specimen shows no distinct peak. The surface
morphology of the “IMMER” specimen has a very fine network structure (0.1um scale) with
finishing lines in the perpendicular direction. In the Raman spectra of the “IMMER”
specimen, the peaks of TiO, (both of anatase and rutile phase) and sodium titanate
(Na2TisO11) could be detected. The surface morphology of the “HEAT” specimen has a
sponge-like structure and no finishing lines are visible on it. In the Raman spectra of the
“HEAT” specimen, the peaks of TiO; (only rutile phase) and sodium titanate (Na;TisO11)
could be detected. Indeed, it has been reported in the literature [Kim et al., 1997] that in a Ti
specimen treated with NaOH solution dehydration of the reaction layer took place by the
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post heating at 873 K and that the anatase phase as observed in the “IMMER” specimen was
changed into rutile phase entirely.

The surface morphology of the “HYDRO” specimen has a needle like structure, as shown in
Fig.7. In the Raman spectra of the “"HYDRO” specimen, the peaks of TiO; (both of anatase
and rutile phase) and sodium titanate (Na;TisO11) could be detected as shown in Fig.7. As
reported in the literature [Kim et al., 1997], we have also observed that the reaction layer of
the “IMMER” specimen was easily peeled off by adhesive tape, and that the post heating at
873 K was necessary in order to prevent the delamination of the reaction layer from the Ti
specimen. However, it was shown that in the “HYDRO” specimen no delamination of the
reaction layer took place in peeling tests with adhesive tape, without post heating process. It
is shown from the Raman spectra that the reaction layers formed on the Ti surface are
essentially composed of the identical chemical compounds both for the “IMMER” and
“HYDRO” specimens.

3.2 HA bonding behavior

For all the Ti surface modifications, the HA ceramics was successfully bonded to the Ti
using the HHP method. The NaOH treatments on Ti surface were useful in obtaining
HA/Ti bonding body regardless of the any NaOH treatment conditions (see Table3). The
fracture toughness for the HA /Ti specimens was obtained from 3-point bending tests. The
fracture toughness data are given in Table 3 along with the reaction products
characterized by the Raman spectra. The fracture toughness data are the average value
obtained from at least five specimens. The facture toughness, K. for the “IMMER” and
“HEAT” specimens shows a slightly lower value than that of the “NORMAL” specimens.
The fracture toughness data of the “HYDRO” specimens is higher than that of
“NORMAL” specimens. In the literature [Kim et al., 1997], SBF soaking tests were
conducted on “IMMER” Ti specimen and “HEAT” Ti specimen at 310 K. The growth rate
of bone-like apatite on the Ti surface was shown to be lager for the “IMMER” specimen
than that in the “HEAT” specimen. Based on the above observation, it has been concluded
that the formation of anatase in the reaction layer produced by the treatment with 5M
NaOH solution accelerates the growth rate of bone-like apatite in the Ti surface. On the
other hand, it was shown that the reaction layer of “IMMER” specimen had poor adhesion
with Ti substrates in contrast with “HEAT” specimen. The lower fracture toughness in the
“IMMER” specimen may be due to the poor adhesion property, in spite of the formation
of anatase in the reaction layer. The plausible cause for the lower fracture toughness in the
“HEAT” specimen may be attributed to the lack of anatase, even though the adhesion
property was improved significantly through the post heat treatment. As described above,
no delamination of the reaction layer occurred for the “HYDRO” specimen in the tests
conducted using adhesive tape. The higher adhesion property in conjunction with the
formation of anatase may provide the explanation for the larger fracture toughness value
in the “HYDRO” specimen.

It was revealed that the hydrothermal surface modification with the NaOH solution was the
most effective technique among the surface treatment methods used in this study in the
improvement of the bonding strength of the HA /Ti interface produced by the HHP method.
The fracture toughness for the “THYDRO” specimen showed 40% increase with respect to
that of the “"NORMAL” specimen.
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Fig. 7. SEM Micrograph and FT-Raman Spectra of the “HYDRO” Ti surface.
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Table 3. Characterization of the Ti surface products and the interface fracture toughness.
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3.3 Ti based Bulk metallic glass

Bulk glassy alloys are promising materials for structural and functional uses due to their
superior properties compared to their crystalline counterparts [Greer, 1995; Inoue, 2000;
Ashby & Greer, 2006]. These alloys are known to exhibit high hardness, high tensile
strength, and good fracture toughness. The unique properties of bulk glassy alloys make
them extremely attractive for biomedical applications. The mechanical deformation
behavior of biological materials, which is characterized by a high recovery of strain (above
2%) after deformation, is very different from that of common metallic materials [Li et al.,
2000]. Another problem concerning metallic implants in orthopedic surgery is the mismatch
of Young’s modulus between a human bone and metallic implants. The bone is
insufficiently loaded due to a mismatch called stress-shielding. From the viewpoint of the
requirements toward implant materials for hard tissue replacement, a biomaterial with low
elastic modulus is required. Glassy alloys have lower Young’s modulus and an extremely
high elastic limit of 2%. Since bulk glassy alloys have a unique ability to flex elastically with
the natural bending of bone, they distribute stresses more uniformly. Faster healing rates
will result from reduced stress shielding effects while minimizing stress concentrators.
Ingots of Ti-based bulk metallic glass (TispZri0CussPd1s: BMG) were prepared by arc-melting
the pure elements with purities above 99.9% in an argon atmosphere [Zhu et al., 2007].
Cylindrical rods (5mm diameter) were prepared by copper mold casting method. And cut
into disks with a thickness in 2 mm. The BMG surfaces were finished using emery paper.
After the surface finish with the emery paper, the BMG disks were degreased prior to
hydrothermal-electrochemical experiment. After sonicated in acetone and rinsed with
distilled water, disks were dried at ambient temperature. Glassy structure of the BMG was
examined by X-ray diffraction patterns (XRD).

Recently, it was reported a concept called “Growing Integrated Layer” [GIL] that improves
adhesion performance without cracking and peeling the ceramic coatings. In order to
produce GIL on surface of the BMG, hydrothermal-electrochemical treatment was
conducted, as shown in Fig.8 [Yoshimura et al., 2008]. The BMG substrate was used as the
working anode and platinum substrate was used as the cathode. The distance between
electrodes was kept at 4 cm. The active anodic surface area immersed in electrolyte was
0.707 cm?2. GIL was fabricated by the hydrothermal-electrochemical treatment at 90 °C for
120 minutes in aqueous solutions of 5M NaOH as an electrolyte. A constant electric current
of 0.5 mA/cm? was applied between electrodes. After hydrothermal-electrochemical
treatments, the specimens were removed from the electrolyte, washed with distilled water
and then dried at 80 °C for 2 hours in air. The GIL produced by the hydrothermal-
Electrochemical method was observed by an scanning electron microscopy (SEM: Hitachi S-
4500, Japan) in surface morphology and a cross section view. Surface products were
removed from the BMG and observed by a transmission electron microscopy (TEM: Hitachi
H-9000, Japan).

The BMG disks were examined by powder X-ray diffractions patterns. Broadened XRD
patterns denote a glassy nature. For TisZr10CussPd14, a glassy state was confirmed as well as
the literature [Zhu et al., 2007]. Surface morphology and cross section view of the GIL by the
SEM observation were displayed in Fig.9 (a) and (b), respectively. The surfaces after the
hydrothermal-electrochemical treatments had nanometer-scale meshed structure. The mesh
products might be consisted of amorphous nano-rods from the results of SEM observations
as shown in Fig.9. The nano-rods had amorphous structure and no crystalline phases like as
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Fig. 8. Schematic illustration of experimental equipment for hydrothermal-electrochemical
treatment.

titanate nanotubes [Onoki et al., 2009a]. Thin Film mode XRD analysis supported that the
surface products formed on the BMG had the amorphous phase. Depth of the nano-meshed
structure was approximately 1pm. It was supposed that the GIL was constructed between
the BMG substrate and the nano-mesh materials.
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Bonding hydroxyapatite ceramics and the BMGs could be achieved through the HHP
treatment, like as shown in Fig.10. Because the BMG is essentially bioinert, the BMG without
surface treatments has no HA bulk ceramics adhesion. It is easily guessed that the HA
adhesive ability of the BMG surfaces is derived from the GIL made by the hydrothermal-
electrochemical treatment. The bonding body was shaped in 5mm diameter structure like as
Fig.4 by using grinder. In case of the BMG without the GIL, the bonding sample was easily
separated into the HA ceramics and the BMG. However, the HA/BMG bonding body with
the GIL was keep adhesive during the 5mm grinding process. The interface between the
BMG and HA ceramics might have sufficient mechanical strength.

Since glass transition and crystallization onset temperatures of about TiypZr10CussPd14 have
been reported at 396 and 445°C, respectively [Zhu et al., 2007], the uniquely mechanical
properties of the bulk metallic glasses must be lost in case of adding over 400°C heat
treatment. Lower temperature techniques (under 400°C) are required for surface bioactivity
treatments for retaining the uniquely mechanical properties of the bulk metallic glasses. The
operating temperature (maximum 150°C) of the above hydrothermal treatments are low
enough. A series of hydrothermal techniques is expected to be one of the most useful
methods for creating bioactivity to Ti-based bulk metallic glasses surfaces. Moreover,
hydrothermal techniques are appropriate for compositing bulk metallic glassy materials and
ceramics to provide complementary functions with other materials due to the low
temperature of hydrothermal processing. By using other hydrothermal techniques [Onoki et
al., 2006], HA ceramics coating on Ti-based BMG could be achieved.

As shown in Figs. 10(a) and (b), we observed near the interface between the HA and the
BMGs with the hydrothermal-electrochemical treatments for 40 and 120 minutes,
respectively. Amorphous nano-meshed structure on the BMG surface was disappeared
during the hydrothermal hot-pressing (HHP) process for bonding HA ceramics and the
BMGs. If HA precipitates into the nano-meshed structure, the nano structure can be
watched in these SEM micrographs. However, there was no fragmented or remained nano-
mesh. It is known that the surface amorphous products processed by low temperature
solution are meta-stable phase and easily dehydrated and hydrolyzed [Kim et al.,, 1997;
Onoki et al., 2008]. Consequently, it is guessed the amorphous products were consumed or
decomposed during the HHP treatments. An intermediate layer between HA ceramics and
the BMG was revealed in the SEM micrographs as shown in Figs. 10(a) and (b). It is
observed that the greater hydrothermal-electrochemical treatment time, the thicker the
intermediate layer became. Compared with Fig.9 and 10, the thickness of the GIL and the
intermediate layer were estimated in almost same value, respectively. It was concluded that
the intermediate layer was the GIL remained on the BMG. The intermediate layer would
play a role of relaxation of thermal expansion misfit and bonding layer between the BMG
and the HA ceramics. The BMG with the hydrothermal-electrochemical treatments for 10
minutes could not achieved the bonding the BMG and HA ceramics through the HHP. The
10minutes treated BMG had insufficient thickness of the intermediate layer. It is speculated
that sufficient thickness of GIL is the most important factor for the bonding BMG and HA
ceramics by the HHP method. From above shown Results and discussion, it is demonstrated
that the hydrothermal techniques (hydrothermal-electrochemical treatment and
hydrothermal hot-pressing) are necessarey and useful for bonding between BMG and HA
ceramics.
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Fig. 9. SEM micrograph of BMG surface through hydrothermal-electrochemical treatment
for 120 minutes (a) and in a cross sectional view(b), respectively.
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Fig. 10. SEM micrograph of the interface between HA ceramics and BMG disk with
hydrothermal-electrochemical treatments for 40 (a) and 120 minutes(b), respectively.

4. HA coating by Double layered capsule hydrothermal hot-pressing

4.1 Introduction and using materials
In previous sections, it has been proposed a HHP method for bonding HA ceramics and
pure Ti, Ti alloys and Ti based BMG by hydrothermal hot-pressing. HA ceramics was
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bonded to the flat surface of a Ti disk using the HHP method at 150°C and 40MPa. The
thickness of the HA ceramics bonded was about 10mm. It has been shown from three point
bending tests that the fracture strength of the HA/Ti interface was equal to or higher than
that of the HA ceramics. Additionally, X-ray diffraction analyses revealed that the HA
ceramics bonded had high crystallinity without any decomposition and impurity. However,
the HA bonding was achieved only on flat surfaces of Ti because of uniaxial pressing. In
order for the hydrothermal method to be applicable to orthopedic and dental implant
materials, we should develop a method for coating thin HA layer onto curved surface. This
section describes a new methods for coating HA ceramics layer on Ti rod at the low
temperature as low as 135°C by using the newly developed double layered capsule
hydrothermal hot-pressing (DC-HHP) method, which utilizes isostatic pressing under
hydrothermal conditions.

The synthetic DCPD and calcium hydroxide (95.0%; Ca(OH)., ; KANTO CHEMICAL CO.,
INC., Japan) were mixed in a mortar for 60min with a Ca/P ratio of 1.67 which was
stoichiometric ratio of HA. A commercially available pure Ti rod (99.5%; Nilaco, Japan),
1.5mm in diameter, was used in this study. The Ti rod was cut into a length of
approximately 20mm. Ti surfaces were finished using #1500 emery paper. The rods were
cleaned in deionized water and acetone by using an ultrasonic cleaner.

Recently, it has been reported that surface modifications for forming bonelike apatite can
induce the high bioactivity of bioinert materials in simulated body fluid (SBF) [Kokubo et
al., 2004]. In our previous research [Onoki et al., 2003], bonding HA ceramics and Ti alloys
(Ti-15Mo-5Zr-3Al and Ti-6Al-2Nb-1Ta) was achieved by the HHP method through the
surface modification of Ti alloys with alkali solution (5M NaOH). It is reported that the
surface treatment of the Ti alloys with the alkali solution was very effective to improve the
fracture strength of the interface between HA and Ti alloys produced by the HHP method.
Based on the above results, the Ti rods used in this study were treated with 5M NaOH
solution after the emery paper finish. The hydrothermal treatment with the NaOH solution
was conducted at 150°C for 2 hours using a small vessel (volume: 7.5ml). After the surface
treatment, the Ti rods were washed by deionized water, and then dried in air.

4.2 Double layered capsule hydrothermal hot-pressing (DC-HHP) method

A new technique was developed in this study in order to prepare HA coating layers on a
cylindrical rod with the objective of applying the hydrothermal hot-pressing method to a
substrates with more complicated configurations, as shown in Fig.11. The newly developed
method uses a cylindrical capsule having the double layered structure, which is subjected to
isostatic pressing under hydrothermal conditions. A schematic illustration of the capsule in
a cross section view is shown in Fig.12.

Firstly, the Ti rod and the powder mixture of DCPD and Ca(OH), were placed into a tube
made of polyfluoroethylene (FEP). The weight of the powder mixture put into was
approximate 0.1g. The initial diameter and thickness of the FEP tube was 1.8mm and 100pum.
The FEP shrinks thermally by approximately 25% at around 130°C. The powder mixture was
loaded into the FEP tube such that the Ti rod was concentrically positioned with respect to
the tube axis. Both the ends of the FEP tube were fastened with paper staples. The sample
assemblage encapsulated using the FEP tube is called “capsule 1” in this study. Secondly,
the capsule I was further encapsulated using a poly-vinylidene-chloride (PVC, 11pum
thickness, Asahi-KASE], Japan) film. Between the capsule I and PVC film, alumina powder
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(3.0 pm diameter; Buehler Ltd., USA) was placed. The thickness of the alumina powder
layer was approximately 3mm. The capsule prepared using the PVC film is called “capsule
II”. Then, the PVC film was sealed off using a thermo-compression method. As expected,
the sealing of the capsule II was found to be crucially important for the subsequent
hydrothermal treatment. No solidification and bonding of the HA ceramic layer was
observed when there was a pre-existing defect in the thermally bonded PVC film and the
water used for pressure application seeped into the capsule. Thus, the double layered
capsule was vacuumed prior to sealing the capsule II, and left for 1 hour at the laboratory in
order to check the seal tightness. Initially, a semi-permeable membrane for water was used
instead of the FEP tube. However, it was observed that the fastened ends of the FEP tube
could act as a narrow water flow-path. Thus, the thermally shrinkable FEP tube was used
for capsule I in this study. The excessive water released from the reaction of DCPD and
Ca(OH); penetrates through the FEP tube ends into the pore space of alumina powder layer,
maintaining the appropriate hydrothermal condition inside the capsule I. Thus, the alumina
layer serves as an escape space for water as well as a medium for pressure application.

AlyO3 Powder DCPD &Ca(OH),
(31m)

Ti Rod

—=) Pressure

- ---+ Water Flow

Capsule I : FEP Tube

CapsuleIl: PVC Film

Fig. 11. Schematic illustration of the concept of the double layered capsule hydrothermal
hot-pressing (DC-HHP) method.

The capsules prepared were put into a batch type high temperature and pressure vessel
(volume: 300ml, SUS316L, AKICO, Japan) for hydrothermal treatment. A schematic
illustration of the hydrothermal treatment is shown in Fig.13. The deionized water in the
vessel serves as a medium for isostatic pressing (mechanical compaction). The vessel was
heated up to 135°C at a heating rate of 5°C/min, and then the temperature was kept
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constant. The maximum allowable temperature of the PVC film used for capsule II is 140°C,
and the treatment temperature was set to be 135°C due to the temperature limitation. The
pressure was kept at 40MPa using pressure regulator. After the treatment, the vessel was
naturally cooled down to a room temperature, and the capsules removed from the vessel. In
order to investigate the effects of treatment time on the HA coating properties, the treatment
time was varied within the range of 3-24 hours.

HA Capsule I Capsule II
@ iTi
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lumina powder Clip

Fig. 12. Schematic illustrations of a double layered capsule in a cross section view.
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Fig. 13. Schematic illustration of the hydrothermal method and the capsule used in this study.
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4.3 Adhesion properties evaluation

Pull-out tests were conducted in order to evaluate the adhesion strength of the HA ceramics
coating. A schematic illustration of the pull-out testing method used is drawn in Fig.14. The
HA coated samples were embedded into an epoxy resin (Sumitomo 3M, Japan) placed in a
sample attachment. According to the supplier, the tensile and shear strength of the epoxy
resin used were measured to be approximately 29.4 and 11.8 MPa, respectively. And then
the protruding part of the HA coating was removed with a grinder and a knife. In order to
identify the crystals in the treated specimens, the removed HA coating material was applied
to power X-ray diffraction analysis (XRD; MX21, Mac Science, Japan) with CuKe radiation
40kV 40mA at a scanning speed of 3.00°/min with a scanning range (26) from 10° to 40°. The
microstructure of the coating surface was observed by scanning electron microscopy (SEM;
54300, Hitachi, Japan).

The specimens were loaded with an Instron-type testing machine at a cross-head speed of
0.5mm/min until the Ti rods were pulled out entirely. The sample attachment was
connected to a universal joint. The upper part of the Ti rod was gripped with a manual
wedge grip and then loaded with the testing machine through a load-cell. The load P and
cross-head displacement § were recorded during the tests. In order to evaluate the adhesion
properties of the HA coating on Ti rod quantitatively, the shear strength and fracture energy
were calculated from the results of the pull-out testing. The shear fracture strength,  is
computed using the following equation:

p
T=—r 3
dL ®
where d is the diameter of Ti rods(1.5mm), L is the embedment length of Ti rods, P is the

load. The fracture energy, G is calculated using the following equation:

A .
G=—— ( A=| Pdo 4
—p (A=l pds ) @
where §'is the cross-head displacement and A is the area under the load versus cross-head

displacement up to the complete pull out displacement, &..

4.4 Results and discussion

As demonstrated in Fig.15, HA ceramic layers could be coated to the all surface of Ti rods at
the low temperature of 135°C using the above-mentioned DC-HHP method. The thickness
of the HA coating layers could be controlled by the volume of the HA starting powder
placed in capsule I, and the thickness range achieved in this study was 10 pm-1 mm. The
experimental results for the thickness of 50 um will be presented below. When the seal
tightness of capsules II was imperfect, the water placed in the vessel was observed to
penetrate into the inner space of the capsules and the HA coating could not be achieved. It
was critically important that the inner space of the capsules was vacuumed prior to the
hydrothermal treatment in order to check and ensure the seal tightness of the capsules.

XRD profiles of the HA coating layers are shown in Fig.16 for the different treatment times.
Only the peaks for HA are observed for the treatment time of 12 and 24 hours, whereas the
HA layer prepared with the treatment time of 3 and 6 hours includes the phases of the
starting materials or the precursors. Thus, it is understood that the treatment time longer
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Fig. 14. Schematic illustration of the pull-out testing method in a cross section view.

than 12 hours was required to convert the starting powders to HA entirely. The crystallinity
of the HA coating is observed to increase with the increasing treatment time, as indicated by
the intensity of the peaks. Furthermore, the XRD analysis shows that the low temperature
hydrothermal method induced no chemical decomposition unlike high temperature
methods such as a plasma spraying method.

Fig. 15. Photograph of the sample of HA ceramic coating on Ti rod.
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Fig. 16. XRD profiles of the HA coatings treated for 3,6,12 and 24hours, respectively.

The load-displacement curves obtained from the pull-out tests are shown for the treatment
time of 24 hours in Fig.17. Fig.18 shows the appearance of the specimen after the pull-out
testing for the treatment time of 24 hours. The right-hand side of the specimen show the
region where the HA coating was completely stripped off from the Ti rod before the pull-
out test. The white part of the specimen (the left-hand side) was initially embedded in the
epoxy resin and corresponds to the region that was pulled out after the test. It is clearly seen
that the surface of the embedded Ti rod (the left-hand side) is completely covered with the
remaining HA layer. An SEM micrograph of the pull-out part in Fig.18(a) is given in
Fig.18(b). The appearance of the scratched surface indicates that significant abrasion of the
HA layer took place in the pull-out process. It is demonstrated from Fig.18(a) that the crack
propagation took place not along the HA/Ti interface, but in the HA coating layer. Tthe
crack path was always located within the HA coating irrespective of the different treatment
times. This observation suggests that the fracture toughness of the HA/Ti interface is close
to or higher than that of the HA ceramics only. If the interface between the HA and Ti rod
was held just by interfacial friction with no significant chemical bond, no HA ceramics
would remain on the Ti rods after the pull-out testing.
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In all the load-displacement curves, there is observed so-called pop-in behavior where the
load sharply decreases at the load level indicated by arrow and then increases again until
the peak load is reached. The pop-in behavior is considered to correspond to the onset of the
crack propagation. The load ascending part after the pop-in may suggest that the initiated
crack deviated from its original crack orientation and propagated into the HA coating away
from the HA/Ti interface region. The deviation of the crack path from the HA/Ti interface
region may induce an additional frictional resistance to the crack propagation in the pull-out
process. Indeed, significant abrasion of the HA coating layers was observed on the fracture
surface after the pull-out tests, as shown in Fig.18(a).

The post-peak of the load-displacement curves is characterized by the load descending part
due to a stable pull-out process of the Ti rod. It is seen that the critical displacement at which
the applied load become zero is close to the embedded length of the Ti rod (approximately
10 mm).

In order to evaluate quantitatively the bonding characteristics of the HA coatings, the shear
strength and fracture energy were calculated from the load-displacement curves of the pull-
out tests. Two shear strength parameters were calculated in this study. Hereafter, the shear
strength parameters computed from the pop-in load, and the peak load are designated by 7
and 7y, respectively. The calculated shear strength of each surface modifying conditions in
Table.3 are plotted in Fig.19 as a function of the treatment time. The data of 7. shown in
Fig.19 are the averaged results obtained from at least 4 specimens.
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Fig. 17. Load-Displacement curve of the pull-out testing for the HA coatings treated for 24
hours.
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Fig. 18. Photograph of the specimen after pull-out testing (treated for 24hours) and SEM
micrograph.

It is seen that the 7; gives an almost constant value (4.1 to 4.6 MPa) irrespective of the treatment
time, even though there is a slight increase in the 7 for the treatment time of 6 and 12 hours.
The 7y initially increased and then gradually decreased when the treatment time was longer
than 6 hoursThe “HYDRO” specimens showed the highest strength in the DC-HHP as well as
the HHP processing. It has been shown in our recent experiment that the adhesion of the HA
ceramics bonded on Ti using the conventional HHP method decreased also for longer
treatment times [Onoki et al, 2003b]. It should be remembered that treatment time longer than
12 hours was needed for the complete conversion of the starting materials into pure HA, and
some starting materials remained in the solidified layers for the shorter treatment times. The
above-mentioned experimental results suggest that there may be an optimal hydrothermal
treatment time for the production of pure and stronger HA coatings. The adhesion properties
measurements and XRD analyses indicates that the treatment time of 12 hours is the suitable
condition for the HA coating by DC-HHP method under 135 °C and 40 MPa. Our approximate
estimates using the Archimedes’ method have shown that the density of the HA coating
initially increased until the treatment time of 6 hours and then gave a constant value for the
longer treatment time (the measured density was 1.6 g/cm? for 3hours, and 1.9g/cm? for the
longer treatment time). Thus, the initial increase in the adhesion properties may be due to the
formation of HA and its densification. The XRD profiles in Fig.16 suggests that the crystal size
of the HA for the treatment time of 12 hours may be larger than that for 24 hours. This
observation may provide a possible explanation for the decreased adhesion properties for the
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longer treatment time. However, more detailed examination is needed in order to discuss the
reason for the presence of such an optimal treatment time. Now investigation of the bonding
mechanism in the HHP process is now in progress.
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Fig. 19. Relationship between HA coating adherence and hydrothermal treatment time.

5. Micro structure of HA ceramics by HHP method

SEM photograph of the detached HA layer surface is shown in Fig.20. As exemplified in the
figure, the microstructure of the HA layers prepared in this study is composed of the
number of pores. The maximum dimension of the pores was observed to be approximately
20 pm. The microstructure of the HA layers prepared with the different treatment times was
similar to the one shown in Fig.20. The density of the HA layers as determined by the
Archimedes method was approximately 1.9 g/cm?, regardless of the different treatment
times. The relative density was calculated to be approximately 60 %, assuming the
theoretical density of HA (3.16 g/cm?). HA ceramics have been also synthesized using the
conventional hydrothermal hot-pressing (HHP) method in our previous section, where a
uniaxial load was applied to the starting powers using upper and lower loading rods in
order to produce high pressure environments. The density of the HA ceramics prepared by
the conventional HHP method has been measured to be approximately 1.9 g/cm3, when the
treatment temperature and pressure were the same as the conditions used in this study. The
agreement in the density suggests that it may be possible to produce suitable hydrothermal
conditions employing the HHP and the DC-HHP method developed in this study. It is seen
that the density of the HA layers prepared falls in the range of those for human bone (1.6-2.1
g/cm?3). Therefore, it may be possible to adjust and tailor the elastic modulus of HA coatings
using the DC-HHP method and to mitigate the stress shielding due to the misfit in the
elastic modulus [Hench, 1998]. The above-mentioned physical properties and the porous
microstructure of the HA ceramic coatings prepared by the DC-HHP method may be
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beneficial to enhance the osteoconductivity and osteointegrativity of orthopedic and dental
implant materials in comparison with dense HA ceramic coatings. It was confirmed that
pigmented ink fully penetrated the HA ceramics made by the HHP, and that the HA
ceramics had open pore structure.
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Fig. 20. SEM Photograph of the HA surface produced by the HHP method.

6. Conclusions

In this chapter, Ti surfaces were characterized with X-ray photoelectron spectroscopy (XPS)
in order to explain the mechanism of bonding Ti and hydroxyapatite (HA) ceramics by
hydrothermal hot-pressing (HHP). XPS characterization revealed differences in the Ti
surfaces properties between water and air in finishing circumstances. Compared with the air
finishing Ti samples, the O 1s region XPS spectra of the water finishing Ti samples was
significantly assigned hydroxide or hydroxyl groups (OH-) and hydrate and/or adsorbed
water (H2O). It was clarified that Ti surfaces finished in only water environment could
achieve the bonding to HA ceramics.

Secondly,it was investigated how Ti surface modifications affect the interface fracture
toughness in HA/Ti bodies prepared by the hydrothermal hot-pressing method. It was
revealed that hydrothermal treatment technique, in which the Ti specimen was exposed to
5M NaOH at 423 K for 2hours, was most effective. The hydrothermal method provided the
highest interface fracture toughness (0.35 MPam!/2) among the Ti surface modification
methods used in this study, while the interface fracture toughness for the other two
methods was slightly lower than that obtained for the specimen with no Ti surface
modification (0.25 MPam1/2). The enhancement of the interface fracture toughness for the
hydrothermal surface modification was probably due to the presence of anatase formed on
the Ti surface and the good adhesion in the reaction layer. It was shown that the first
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successful attempt to form direct bonding between the Ti-based bulk metallic glass:
TisZr10CuszePd14 and HA bulk ceramics. The bonding could be obtained in only cases of the
BMG with the GIL. It was demonstrated that a series of hydrothermal techniques could be
very useful for bonding bulk ceramics and bulk metallic materials. The surface of the Ti-
based BMG can be made bioactive by coating bioactive ceramics like as hydroxyapatite
(HA) through the low temperature techniques in the range of RT and 150°C. In order to
form a growing integrated layer (GIL) on the BMG surface for improving adhesive
properties to HA ceramics, the BMG substrates needs to be treated in 5mol/L NaOH
solution at 90°C for 120 minutes by hydrothermal-electrochemical techniques.
Hydrothermal hot-pressing (HHP) treatment (150°C, 40MPa, 2hours) of the BMG and
powder mixture of CaHPO,*2H,O and Ca(OH); is appropriate way for bonding the BMG
and HA ceramics because of low operating temperature.

Additionally, it was demonstrated that HA ceramics could be coated to Ti rods at the
temperature as low as 135°C by using the newly developed double capsule HHP method
(DC-HHP method). Thickness of the HA coating prepared was approximately 50um. No
chemical decomposition and no impurity was observed in the XRD analyses of the HA
coating prepared by DC-HHP method. The HA coating layer was shown to have a porous
microstructure with the density of 1.9 Mgm=3 and the relative density of approximately 60 %,
which is relatively close to those of human bone. In order to evaluate the adhesion
properties of the HA coatings on the Ti rods, pull-out tests were conducted. It was revealed
that the crack propagated not along the HA /Ti interface but within the HA ceramic layer in
the pull-out tests. The fracture property of the HA/Ti interface was suggested to be close to
or higher than that of the HA ceramics. The shear strength obtained from the pull-out tests
was in the range of 4.0-5.5 MPa. Finally, it was demonstrated that various hydrothermal
techniques were very useful and effective to hydroxyapatite ceramics coating on various Ti
metallic materials.
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1. Introduction

Solid freeform fabrication (SFF), also termed as layered manufacturing, produces parts
directly from a computer model without part-specific tooling and human intervention
(Sachlos et al., 2003; Leong et al., 2003; Kim et al., 2009; Dwivedi and Kovacevic, 2004; Cai et
al., 2003; Tian et al., 2002; Guo et al., 2002; Cawley, 1999; Calvert et al., 1998; Alimardani and
Toyserkani, 2008; Alemohammad et al., 2007; Li, 2005; Bryant et al.,, 2003). It has great
potential to fabricate functionally graded materials (FGMs).

Through selective slurry extrusion (SSE) based technique of SFF, Xu et al. successfully
fabricated multi-material dental crown (Xu et al., 2005) and further proposed a novel
approach (as shown in Figure 1), termed as equal distance offset (EDO), to representing and
process planning for SFF of functionally graded materials so as to meet the requirement of
modelling and fabricating 3D complex shaped FGM objects (Xu and Shaw, 2005).

In EDO (Xu and Shaw, 2005), a neutral arbitrary 3D CAD model is adaptively sliced into a
series of 2D layers. Within each layer, 2D material gradients are designed and represented
via dividing the 2D shape into several sub-regions enclosed by iso-composition contours. If
needed, the material composition gradient within each of the sub-regions can be further
specified by applying the equal distance offset algorithm to each sub-region. Using this
approach, an arbitrary-shaped 3D FGM object with linear or non-linear composition
gradients can be represented and fabricated via suitable SFF machines. The process
planning for SFF of FGM objects is shown in Figure 2.

In recent years, the inkjet colour printing based SFF technology has been of great interests in
tissue engineering (Calvert et al., 2007; Xu et al., 2006; Saunders et al., 2008; Sanchez et al.,
2008; Roth, 2004; Hasenbank et al., 2008; Cui and Boland, 2009), as it can fabricate 3D
complex shaped graded material with smooth gradients (Wang and Shaw, 2006).

Human teeth have some very good properties such as high hardness and wearability, good
heat insulation, high strength, etc. These properties are related to its graded structure.
Figure 3 (Tooth anatomy, (2011). http://www.mydr.com.au/first-aid-self-care/tooth-
anatomy) shows a drawing of a healthy tooth cut in half lengthways, which shows the
layers of the tooth and its internal structure, as well as how the tooth relates to the gum and
surrounding jaw bone.



100 Biomaterials Science and Engineering

{a} ]l E smll
/ ’,ﬂf::? Sin
{1 T
0 i Y]
|| Il.*;rlr' T S
™ e i T
(/77— X
| [ ) Sui
\|| |I|I|'IIIf'-.-'_--‘-\-""I I 35“
TR, ~)
\ II| |||I|"/: q_":'\:'\lllll Sus
l\::ll:l'.!lllllllu!{ IIII!)”
W\
i ‘fx\l" ‘q.,‘_‘_._,_..-"-'- o
=~

Fig. 2. Process planning for SFF of FGM objects.
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A normal tooth can be divided into three parts: the crown, the neck and the root. The crown
is the part of the tooth that is visible above the gum (gingiva). The neck is the region of the
tooth that is at the gum line, between the root and the crown. The root is the region of the
tooth that is below the gum. Some teeth have only one root, for example, incisors and canine
(eye) teeth, whereas molars and premolars have 4 roots per tooth.

The crown of each tooth has a coating of enamel, which protects the underlying dentine.
Enamel is the hardest substance in the human body, harder even than bone. It gains its
hardness from tightly packed rows of calcium and phosphorus crystals within a protein
matrix structure. Once the enamel has been formed during tooth development, there is
little turnover of its minerals during life. Mature enamel is not considered to be a ‘living’
tissue.

The major component of the inside of the tooth is dentine. This substance is slightly softer
than enamel, w