ABSTRACT
CHIU, CHI-KAI. Polymer-Silica Nanocomposites: a Versatile Platform for Multifunctional
Materials. (Under the direction of Tzy-Jiun M. Luo).

Solution sol-gel synthesis is a versatile approach to create polymer-silica
nanocomposite materials. The solution-to-solid transformation results in a solid consisting of
interconnected nanoporous structure in 3D space, making it the ideal material for filtration,
encapsulation, optics, electronics, drug release, and biomaterials, etc. Although the pore
between nano and meso size may be tunable using different reaction conditions, the intrinsic
properties such as limited diffusion within pore structure, complicated interfacial interactions
at the pore surfaces, shrinkage and stress-induced cracking and brittleness have limited the
applications of this material. To overcome these problems, diffusion, pore size, shrinkage and
stress-induced defects need further investigation. Thus, the presented thesis will address
these important questions such as whether these limitations can be utilized as the novel

method to create new materials and lead to new applications.

First, the behaviors of polymers such as poly(ethylene glycol) inside the silica pores are
examined by studying the nucleation and growth of AgCl at the surface of the porous matrix.
The pore structure and the pressure induced by the shrinkage affect have been found to
induce the growth of AgCIl nanocrystals. When the same process is carried out at 160 <C,
silver metallization is possible. Due to the shrinkage-induced stresses, the polymer tends to
move into open crack spaces and exterior surfaces, forming interconnected silver structure.
This interconnected silver structure is very unique because its density is not related to the

size scale of nanopore structures. These findings suggest that it is possible to utilize defect



surface of silica material as the template to create interconnected silver structure. When the
scale is small, polymer may no longer be needed if the diffusion length of Ag is more than
the size of silica particles. To validate our assumption, monoliths of sol-gel sample
containing AgNO;3; was ground into two different sizes of powder followed by powder
pressing, heat-treating and etching. A new robust porous silver foam was then successfully
made. By combining the results from room temperature and high temperature processes, we
further study the patterned silver nanoparticles arrays in order to examine how mobility of
silver can be controlled on a quantifiable scale. Furthermore, we have identified a thiol-
containing sol-gel precursor to control the affinity between silver and silica matrix. Lastly,
the effects of interfacial interactions between sol-gel silica and other nanocomposite
components and the effect of thickness of the sol-gel layer on mechanical properties were
investigated. These studies were applied to the biomimetic hydroxyapatite-gelatin system.
We have found that by limiting the thickness while maintaining interfacial interactions of the
sol-gel layer, a unique moldable property and short hardening time from these
nanocomposites can be achieved without compromising its biocompatibility. Their

biocompatibility has been proven based on the in vitro and in vivo testing of these materials.

In conclusion, the present study has demonstrated that polymer-silica nanocomposite is
a versatile platform to carry out applications in nanocrystal growth, nanoporous metals,
metal-ceramic composites, nano-imprint thin film, and bone grafts. These important findings
not only provide new insights into nanocomposites but also give new meanings to the

previously functional-limited sol-gel materials.
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Chapter 1

Introduction



1.1 Introduction and motivation

To meet the increasing demands for multifunctional materials, rapid and versatile
solutions to create such materials have been constantly sought. One of the feasible
approaches is via hybridization of organic and inorganic components with one of the
domains ranging from angstroms to several nanometers.”® The resulting products can be

broadly defined as nanocomposites. These hybrid materials, sometimes known as advanced

5 7

materials, promise new applications in many fields such as optics,* ° electronics,®

9

mechanics® ° and biology.® ** To realize the hybridization concept, efforts have been

focused on using the sol-gel process to synthesize nanocomposites. In addition to its mild

synthetic conditions at near ambient temperature,lz‘ 13

the sol-gel process may utilize high
purity of metallo-organic precursors in various organic solvents to produce high yields of
highly processable colloidal products.** *> Although sol-gel approaches are versatile in these
regards, several inherent properties limit their industrial applications. First, the
interconnected 3-D network by the simultaneous hydrolysis and polycondensation consists of
nanoporous (pore size < 5 nm) structures.** These nanopores, though exhibiting high surface
area, often limit the diffusion of gas and liquid within the nanocomposites.® Second,
chemical and physical interactions at the inner interfaces are considered critical in
determining the overall properties. Although strong interfacial bonding between the intimate

phases enhances the mechanical integrity,> =

it may suppress the fluid-like properties of
polymer phases, reducing the permeability and diffusivity within nanopores, and often lead to

uneven distribution of secondary fillers. Third, sol-gel materials tend to shrink when solvent



evaporates during drying. The internal stress accumulates during shrinking eventually causes
crack and fragmentation.'” Though the sample fragmentation could be avoided by careful
treatments, the side effects such as prolong processing time, deterioration, and uneven

shrinkage cannot be avoided.

To overcome these problems, diffusion, pore size, shrinkage and stress-induced defects
need further investigation. Thus, the research presented in this thesis will address these
important questions such as whether these limitations can be utilized as a novel method to
create new materials and new applications. The entire work presented by this thesis devotes
to synthesis, evolution, mechanism of nanostructures and their potential applications in
nanocrystal growth, nanoporous metals, metal-ceramic composites, nano-imprint thin film,
and biomaterials particularly those in orthopedic applications. The studies focus on
examination and utilization of inherent properties including nanoporous structure, interfacial
bindings, shrinkage, and stress induced cracks to develop unique structures for
multifunctional applications. The synthesized structures are studied by SEM, TEM, AFM,
XRD and FTIR at various scales. Then, the properties of nanocomposites such as electrical,
optical, mechanical and biocompatible properties are characterized. Furthermore, the
formation mechanisms behind the synthesized structures will be extensively discussed and

examined.



Part of the work presented in this thesis originates from close collaboration with the
research group of Dr. Ching-Chang Ko (UNC-Chapel Hill, School of Dentistry, North
Carolina, US), where the Hydroxyapatite-Gelatin (HAp-Gel) materials have been provided.
They also provide the professional in vitro and in vivo testing on biomimetic nanocomposite

scaffolds. The collaboration will be further described in detail in the following chapters.

We first explore the behaviors of polymers such as poly(ethylene glycol) (PEG) inside
the silica pores by examining the nucleation and growth of AgCl at the surface of the porous
matrix at room temperature. Recently, PEG-silica nanocomposites have been studied and
applied for drug delivery devices.’® * The weak hydrogen bonding between matrix and
polymer contributed to the mobility for controlled release of encapsulation biomolecules.
Poly(ethylene glycol) is one of the most widely used polymer materials in chemical and
medical sciences due to its excellent properties such as hydrophilicity, flexibility, lack of
toxicity, and non-immunogenecity.’> Based on the silica chemistry, PEG polymers with the
ether oxygen atoms (hydrogen-bonding acceptor) can have a high affinity to silanol groups
(hydrogen-bonding donor) of silica species via hydrogen-bonding interactions in the solution
at room temperature.? % Consequently, PEG polymers have been widely used as flocculants
and structure-directing agents to prepare xerogels and nanoporous silica spheres.?® %
Because of the hydrogen-bonding interactions between PEG and silica, the mobility of PEG

upon immersion of PEG-silica in water solution can be modulated. As of today, the mobility

of polymer phases within nanocomposites has been rarely studied for nanocrystal growth.



Thus, we propose that the mobile polymer phase may serve as a nuclei carrier for crystal
growth under a controlled environment. It is also important to determine how pore structure
and the pressure induced by the shrinkage affect the nucleation and growth of AgCI
nanocrystals. Chapter 2 examines the feasibility of utilization of PEG-silica hanocomposites
to self-assemble AgCI nanocrystals on the nanocomposites surface, where the self-growth of
nanocrystal on the nanocomposites has been investigated by AFM measurements. Because of
the weak hydrogen bonding between PEG and silica, the mobility of PEG facilitates crystal
growth at open areas under the shrinkage induced stress. It was demonstrated that the shape
and size of nanocrystals can be controlled by the thickness and composition of
nanocomposite films. The study suggests a new method to control nanocrystal growth at mild

reaction.

When the same process is carried out at 160 <C, silver metallization is possible. Chapter
3 describes the mobility of polymer phase within PEG-silica nanocomposites may be utilized
to grow interconnected silver nanostructure. When stress was induced by the inherent
shrinkage during sol-gel drying process, the polymer tends to fill into open spaces including
surface and crack within nanocomposite monolith. Upon heat treatment, the polymer
facilitates metal reduction and forms interconnected metal structure. These findings lead us
to conclude that in order to enhance the connectivity of silver structure it is possible to utilize
crack surfaces as the template. When the scale is small, polymer may no longer be needed if

the diffusion length of Ag is more than the size of powder as polymer is sometimes not



favorable in several processes. Chapter 4 utilizes ground powder to validate our assumption
that artificially produced cracks could serve as templates for silver nucleation and growth. A
new robust porous structure of silver was successfully made. Parameters such as powder size
and press pressure could be utilized to control the pore structures and sizes of porous metal
foam. Metal foams have potential applications in mechanics, sound proof, electrode and
catalyst due to their attractive properties such as light weight, porous structures, and high

surface areas. Different synthesis methods have been demonstrated using powder

25, 26 26, 27 28, 29

metallurgy, melt filling and templating etc. Although various structures with
different pore sizes, pore structures, compositions and surface treatments can be derived,**3
several limitations such as lack of uniform, tunable, reproducible and robust properties still
limit their industry applications. The simple and effective process proposed here could

provide an alternate method to solve these problems.

By combining the results from room temperature and high temperature processes,
chapter 5 introduces a simple method to self-assemble patterned silver nanoparticle arrays in
order to examine how mobility of silver can be controlled on a quantifiable scale. In general,
nanoparticles are characterized by their nanoscale size and high surface area. Therefore,
extensive studies have been carried out to realize their applications in optical, electrical,
mechanical and biomedical fields. In order to exploit their function and to apply them to the
devices, the current major goals is to find an accurate, fast, and low-cost method to control

the location of nanoparticles on substrates. However, synthesis of patterned nanoparticles



arrays have received limited success and only few methods have been proposed. Both top-

33, 34 35, 36

down and bottom-up methods have been proposed but each shows its own
limitations. Here, an alternative approach is demonstrated to self-assemble silver
nanoparticles array on the patterned areas of thin films composted of polymer-silica
nanocomposites. The present method utilizes the affiliation between thiol group and metals
to control the metal ions mobility for selective deposition of silver nanoparticles. The silver
nanoparticle arrays exhibit well-defined pattern, highly selective nanoparticle deposition and
tunable nanoparticle sizes regardless the thin residual layers inherent from microcontact

imprint methods.

Lastly, the present thesis focuses on investigating the effects of interactions between sol-
gel silica and other nanocomposite components and the thickness of the sol-gel layer on
mechanical properties. These studies were applied to the biomimetic hydroxyapatite-gelatin
(HAp-Gel) system. Tissue engineering is a promising approach for tissue regeneration of
bones, skins and organs.*” *® The scaffolding structure is one of the most important factors to
fulfill the criteria for clinical successes other than its biocompatibility, porous structures,
biodegradability, and mechanical strength.* In order to achieve most of these requirements,
several scaffolds were made by polymer materials that have 6 - 10 times inferior strength
than bones.**? Thus, new materials are required to fulfill the clinical usage of scaffolds.
Composites have been considered to be the ideal materials, which could be synthesized to

resemble the real bone. Thus, biomimetic materials such as hydroxyapatite-gelatin (HAp-



Gel)* * and hydroxyapatite-collagen (HAp-Col)*'“° has been studied extensively for bone
regeneration. Various attempts have been made to cross-link HAp-Gel particles after
dehydration and solidification*” *® but limited success was found due to toxic cross-linkers,
long setting time and insufficient mechanical strength. The question is raised that whether
strong interaction between polymeric gelatin and silica at molecular scale within
nanocomposites can fulfill these requirements. Chapter 6 introduces a new HAp-Gelatin
modified siloxane (GEMOSIL) nanocomposites for bone regeneration applications.** The
hydrogen bond induced by inherent protein structures of gelatin provides the formable and
injectable properties of GEMOSIL paste. After setting, interfacial bondings between gelatin,
hydroxyapatite and silica within nanocomposites have been found to enhance the mechanical
properties. The formation of physical cross-linkage within nanocomposites eliminates the
usage of toxic formaldehyde cross-linker and provides a potential scaffold application.
However, slow setting and relative low mechanical properties of GEMOSIL materials still
cannot satisfy the clinical needs. The utilization of strong bonding such as covalent bonding
is required to further enhance its mechanical strength. The in-situ formation of biocompatible
calcium silicate (CS) between silica and calcium hydroxide provides a new opportunity as
presented by Chapter 7. The formation of strong interfacial covalent bonding greatly
enhances mechanical integrity and strength. The leaching of calcium ions from calcium
hydroxide also facilities the formation of extracellular matrix and mineralization for bone
regeneration. In addition to gelatin, the degradation of calcium hydroxide further enhances

the biodegradability of bone grafts. Thus, GEMOSIL-CS nanocomposite scaffolds provide



high potentials for clinical tissue engineering applications. Finally, Chapter 8 will summarize

relevant conclusions and address important future work.
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Chapter 2

Formation of AgCl Cubic Crystals Induced by Shrinkage of Sol-Gel Silica
Substrate

Chi-Kai Chiu, Yong-Jae Choi, Tzy-Jiun M. Luo

Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27606

Abstract

Nucleation and growth of AgCI cubic crystals at the surface of sol-gel synthesized silica
films containing AgCIl nuclei and poly(ethylene glycol)/ethylene glycol as diffusion-
controlled media has been successfully demonstrated. Cubic shaped crystals were observed
when the film shrank after it was exposed to air at the room temperature, and both shape and
size of the crystals were found to be dependent on the film thickness. When the film
thickness was in the range of 70 ~ 250 nm, cubic shaped crystals with size between 120 ~
250 nm were produced. Elliptical crystals with size and height between 200 ~ 400 nm were
found when film thickness was in the range of 200 ~ 400 nm. These cubes exhibited
predominant {200} facets as indicated by the electron beam diffraction patterns. The ability
to use nanoporous film as the nanoparticle source to grow crystals with desired orientation,
shape, and dimensions may open new ways to pattern and fabricate well-defined nanocrystals

on solid surfaces.
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2.1 Introduction

Crystal growth based on orientated aggregation of nano-scale crystals of low solubility
compounds such as semiconductors," metal oxides,*® metal oxyhydroxides,”® and metals®*°
has been an interesting topic. This growth mechanism explains why crystals of well-defined
morphology can be prepared under diffusion-limited condition from solutions containing
nanoparticle or nanocrystals suspension. This assembly process begins with collision of
nanocrystals driven by Brownian motion, followed by rotation of two adjacent crystals until
the 2D crystal planes at the particle-particle interface are coherent, which results in a new
attachment of crystalline particles.""** Such growth has also been found to be unaffected by
the adhering organic molecules and could lead to not only single crystals but twins, stacking
faults, and intergrowths as well.*® In addition, by knowing how to control the growth
mechanism, it is possible to produce crystals of desired size and geometry.>®** However,
pre-aggregated nanocrystals without chemical stabilizers in general are unstable and difficult
to control due to that nanocrystals could quickly combine together and form larger crystals in
solution.™ Although it is possible to capture pre-aggregated crystals in nanoporous media,
their mobility is often limited by the pore size, making this technique inadequate for

microscopic or surface patterning application. In addition to diffusion control, other

approaches include nonaqueous gel to overcome slow diffusion problem.®

Here we demonstrate that meta-stable AgCI nuclei when immobilized within a sol-gel

thin film containing poly(ethylene glycol) (PEG) and ethylene glycol as the mobile phase are
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able to migrate to the surface of the film and grow into larger crystals of same orientation
when the nanoporous film shrinks during the drying of the film (Figure 2.1). Silica films
synthesized by sol-gel method generally contain interconnected nanopores where diffusion of
liquid and ions is able to take place,’’” and therefore sol-gel materials have been used to
regulate ion diffusion for crystal growth.’® ** We have chosen silver chloride as our model
compound because of its low solubility in aqueous environment (ksp = 1.77x10™%). The
polymer mobile phase under the influence of physical shrinkage of sol-gel material is able to
carry AgClI nuclei to the surface where the morphology and dimensions of the resulting AgCl
crystals are controlled by film thickness. The ability to use sol-gel thin films as the
nanoparticle reservoir to grow crystals of desired shape and dimensions may open a new

opportunity for creating patterned nanostructures on the substrates.

2.2 Experimental procedures
2.2.1 Preparation of PEG-sol

TMOS-sol was prepared by mixing 3.6 mL of deionized water and 15.2 mL of
tetramethyl orthosilicate (TMOS). Upon adding 80 i of 0.5 N HCI, the mixture was
immediately placed in an ice bath and vigorously stirred for 2 min until the solution became
clear and uniform. Then, the mixture was sonicated in sonicator bath at room temperature for
20 min. The resulting solution (TMOS-sol) should be colorless and particle free. PEG-sol
was prepared by adding 3.6 mL of deionized water and 7.2 mL of poly(ethylene glycol)

(PEG, M.W. = 300 g/mol) into the TMOS-sol. Later, methanol was removed from the
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mixture by rotary evaporation under 200 mbar reduced pressure at 45 <C for 35 minutes. The

final solution was a clear and viscous liquid (PEG-sol).

2.2.2 Preparation of sol-gel thin film

The silicon substrates were prepared by cutting silicon wafer into each 12x12 mm size
and then sonicated in isopropyl alcohol and methanol for 10 min. After drying by purging air,
the silicon substrates were O, plasma-treated for another 2 min. A mixture containing PEG-
sol, AgNOs and ethylene glycol was prepared as follows. A solution containing 200 L of
PEG-sol and 150 pL of 0.3 M silver nitrate solution was sonicated for 5 min in the ice bath.
Then, 50 pL of 16 M nitric acid and 112.5 pL of ethylene glycol were added into the
mixture, and the solution was sonicated for another 2 min in the ice bath. Each 10 piL of
mixture was quickly transferred onto the silicon substrate and then covered with a piece of
flat polycarbonate plate. Here polycarbonate plate served as the template to produce a flat
and smooth surface after the liquid solidified. Films of different thickness have been created
either by varying the amount of mixture solution or by applying different weight on top of
the polymer template. The typical gelation time was about 3 min when nitric acid was used.
After 2 hours of aging, the polycarbonate plate was removed and allowed to dry in the air.
The film was initially clear then gradually its surface turned whitish. After drying for 24
hours, the samples were observed using SEM and TEM. Thickness of crystals and film were
measured on AFM. To prepare sol-gel samples containing poly(vinylpyrrolidone) (PVP), an

ethylene glycol solution containing 0.6 M PVP was used instead of pure ethylene glycol.
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2.2.3 SEM, TEM, and AFM observation

Scanning electron microscope (SEM) observation was carried out on a field emission
microscope (JEOL JSM-6400) under an acceleration voltage of 5 kV. The silicon substrates
containing the sol-gel films were placed into SEM chamber without prior to depositing metal
conductive layer. Transmission electron micrograph (TEM) was taken on JEOL 2000FX
microscope under an accelerated voltage of 200 kV for both images and electron diffraction.
To prepare the samples suitable for TEM experiment, formvar/carbon-coated TEM grids
were first immersed into the mixture solution, and dried at room temperature. Thickness of
the crystals on the samples was measured using Veeco Caliber AFM. The tapping mode
scanning method and a silicon AFM cantilever were utilized to image the surface of
nanocomposite film in order to reduce the chance of surface alternation by the movement of
the AFM tips. To perform time-lapse AFM measurement, sample was placed inside AFM
immediately after the polycarbonate template was removed. All images were taken in the air

at the designated time under tapping mode.

2.3 Results and discussion

Volume shrinkage of sol-gel produced silica materials is a common phenomenon and it
is typically accompanied by solvent evaporation inside the material. The shrinking is due to
the collapse of nanoporous structures under the influence of capillary force of the solvent
during solvent evaporation. Sol-gel silica matrix typically exhibits 30~50% of volume

reduction during drying. In general, the shrinkage rate is independent of drying time but is
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highly affected by the pore size.®® The amount of shrinkage drops to ~10% when
poly(ethylene glycol) (PEG) is present. Here PEG has been found to maintain the porosity
and pore size of sol-gel material while remains mobile in the pore structures due to weak

21,22

interactions between PEG and silica matrix, and therefore it helps to maintain a constant

shrinkage rate by slowly diffusing out of silica matrix.

Figure 2.2a and 2.2b are SEM micrograms of silver chloride cubic crystals grown on
the film surface after the film has been exposed to air for 24 hours. All corners on the cubes
appear to be truncated and the size of cubes was in the range of 130-180 nm. If PVP was
present in the film, silver chloride cubes of sharper corners were produced (Figure 2.2c~d).
It is known that the oxygen atoms of PVP preferentially bind to {100} crystallographic
planes of FCC silver and therefore they reduce the growth rate on {100} facets. Because
sliver atoms on the {100} faces of both silver and silver chloride have similar periodicity as
it has been shown that a layer of AgCl (100) lattice could grow on Ag (100) face,”® PVP is
able to inhibit AgCl {100} faces, reducing the area of {111} faces. This morphology-

24,25

modifying effect also explains why AgCI nuclei dissolve and grow into perfect cubic
shape on the film surface. Individual cubes were further examined using TEM microscope,
where metallic silver reduced by electron beam was observed (the dark area on Figure 2.3a),

which is similar to the previous study.?® The electron diffraction pattern of the cubic shaped

crystal confirms that each cube is single crystal and its diffraction pattern corresponds to
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(200), which presents the largest face on the AgClI crystal (Figure 2.3b). The weak diffraction

pattern of (111) face indicates the presence of truncated facet at each corner of the cubes.

In these experiments, the silver chloride nuclei were carried away by PEG/EG mixture
and grow at the surface of silica matrix. The solution for preparing the silica films contains
trace amount of CI', estimated to be 2.7 mM, which should produce ~2.7x10° M of AgClI
crystals. CI" ion was initially introduced to the TMOS-sol solution by HCI solution as it was
used as the acid catalyst for sol-gel reaction. On the contrary, when we replaced HCI solution
with a HNO3 solution and performed the same experiment, no crystals were observed on the
film surface. Because the size of cubes is significantly larger than the pore size of sol-gel

21,28 it shows that the formation of

matrix, which has been estimated to be 10~12 nm,
nanocube can be explained using Ostwald ripening of meta-stable AgClI nuclei at the surface
of the film substrate. Because the sol-gel solution has been mixed with nitric acid to induce
rapid gelation, we expect the average pore size should be even smaller than 10 nm. In
addition, we found that the size of cubic crystals is related to the film thickness (Figure
2.4a~d), which proves that the assembly of AgClI cubes is affected by the number of nuclei.
On the films with thickness of 70, 300, 650, and 920 nm, the size of the crystal increases with
film thickness while the area density of cubes decreases. SEM images also show that
morphology of silver crystals becomes elliptical shaped when the film is thicker than 400

nm. The detail correlation between the crystal dimensions and film thickness is further

summarized in Figure 2.5, where both morphology and dimensions of crystals are plotted.
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Dimensions of crystals are proportional to the film thickness. When the film is 70 ~ 250 nm
thick, cubic shaped crystals of 120 ~ 250 nm size are produced. While in this range, height of
crystals determined by AFM was found to be equal to the edge length, which confirms that
the crystals are cubic shaped. When film thickness is 250 ~ 400 nm, spherical shaped crystals
with size and height between 250 ~ 400 nm are observed (Figure 2.4). On the film of more
than 400 nm thick, elliptical shaped particles with the maximum height up to 400 nm were
formed. Compared with the crystals on the film of no PVP, we observed PVP does not
significantly change the dimensions of crystals except that their sizes are slightly smaller.
These results indicate the growth mechanism in the vertical direction is limited while in the

lateral direction is not.

Time-lapse AFM images of a freshly prepared film prove that nuclei appear and grow
at the surface of the film (Figure 2.6). Each image of the sol-gel film was respectively
scanned at 30, 40, 50, and 60 min after the polycarbonate template was removed. Initially
nuclei appeared to be small particles on the surface, and then both size and height of the
particles increased with time while the location of particles remained unchanged. In addition,
the surface of the film did not exhibit topographic change and no apparent liquid phase was
observed on the surface of nanocomposite film by the AFM either. It indicates the formation
of crystal occurred directly on the substrate without involving large amount of polymer liquid
on the surface. The height of crystal at the center of the AFM image increased from 10 nm

(after 30 mins) to 20 nm (after 60 mins) with an estimated growth rate of ~10 nm/hr. This
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value is also consistent with the results in Figure 2.4 where the height of crystals after 24
hours is between 100 nm and 400 nm. We postulate that nuclei were pushed to the surface of
films due to the shrinking of the films and assembled at the bottom and side faces of each
crystal at the film surface where the assembly also helped to lift the crystals and contribute to
the increase of the crystal size and height. Other study has shown that the major facets of
AgCl nanocrystals that nucleate directly inside a porous matrix are {200} and {111}.”° This
explains why we have observed {200} facet to be the major faces of crystals. The capillary
action of polymer liquid at each side of cubic crystals is responsible for the lateral growth of
the crystals. When the dimensions of crystals are beyond ~200 nm, edges become dull and
develop into spherical shape, which also contributes to the overall height of crystal to 400
nm. It is possible that the limit of capillary action of liquid and the mass of crystals prevent
the height of crystals from growing beyond 400 nm while continuously contributing to the

elliptical shape of crystals.

The ksp value of AgCl in water is 1.77x10™*° and the concentration of free CI” ion in the
solution is estimated to be 5.95x10™° M. This value is 7 orders of magnitude smaller than the
existing AgCl concentration at 2.7x10 M, which is expected to be even lower when AgCl is
dissolved in polymer and methanol solutions. Therefore the concentration of free ion is too
low to grow new crystals observable under AFM. We postulate that the existing AgCI nuclei
are preserved inside the pore structures of silica matrix after gelation. In general, the critical

radius of AgCI nuclei estimated by Klein et al., is just a few Angstroms, and its size grows to
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40 nm after 60~100 seconds of mixing using turbidity measurement.*® The sol-gel prepared
film in our study typically solidifies in 3 minutes after mixing with nitric acid solutions. The
colloidal solution of TMOS-sol is considered viscous and it should reduce the mobility of
AgCI nuclei. We consider 3 minutes of gelation window is too short for AgCI nuclei to
develop into larger size. Hence, the size of meta-stable nuclei inside the nanoporous films
was preserved until they migrated to the surface. On the other hand, when sol-gel solution
was prepared without adding nitric acid, gelation did not occur until 6 hours later, and we
found that the resulting composite films did not grow AgCl crystals on the surface after the
template was removed. In addition, we observed that sol-gel solution became cloudy when
the solution remained in liquid state for more than 2 hours, indicating that the large size AgCl
particles formed in the solution. Poly(ethylene glycol) (PEG, M.W. = 300) and ethylene
glycol together were used as the mobile phase and the previous studies show that PEG does
not bind strongly to the silica matrix and could diffuse to the surface of silica matrix during
aging. We have also observed significantly lower numbers of AgCI crystals on the films
containing no PEG and ethylene glycol. When the film contained only PEG, crystals took
much longer to appear possibly due to high viscosity, whereas the films containing only
ethylene glycol seemed to shrink too quickly and prevented AgCl from migrating to the
surface. Shrinking of sol-gel material is in general an irreversible process and occurs rapidly
when solvent evaporates. Overall, our results show that AgCI nuclei preserved inside the
nanoporous structures of sol-gel matrix remain to be meta-stable and are able to grow into

larger crystals when transported to the surface.
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2.4 Conclusion

We have successfully utilized gelation and shrinking of sol-gel thin film that contains

meta-stable AgCI nuclei to create cubic crystals and demonstrated their dimensions and

morphology are controlled by the film thickness. Both the edge length and the height of

crystals increase with film thickness with the maximum height to be 400 nm. This

demonstration represents a new possibility of using sol-gel thin film as a versatile reservoir to

preserve unstable nanoparticles at higher concentration for creating crystals with controllable

orientation and dimension.
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Figure 2.1 Formation of silver chloride cubic crystals is facilitated by the shrinking of sol-gel
nanocomposite film, during which the film reduces its thickness and pushes silver chloride
nuclei to the surface where they dissolve and grow on cubic shaped crystals via Ostwald
Ripening mechanism.

Figure 2.2 SEM images of silver chloride cubic crystals grown on the nanocomposite film at
the room temperature. Truncated cubes shown in (a) low and (b) high magnification are obse
rved on the film containing no polyvinylpyrrolidone (PVP) in the matrix. Cubes with sharper
corners at (c) low and (d) high magnification are found when the film contains PVP.
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Figure 2.3 TEM image of AgCI cubes and their electron beam diffraction pattern. (a) The
dark area on the AgCI crystals is the result of metallic silver being reduced from AgClI during
the imaging. (b) Electron beam diffraction pattern indicates that the AgCI cubes are single

crystal with a predominant (200) facet.

e

Figure 2.4 SEM images of AgClI crystals grown from the films of (a) 70, (b) 300, (c) 650, (d) 920 nm
thick. Size of the crystals increases with film thickness while the density of particles decreases with
the thickness. Please note that crystals on the film of 70 nm thick (a) are cubic shape.



31

800 -
E p
£ 700+
&
5 600+
(]C) .
£ 500+
a 4
» 4004
o |
O
£ 300+ —e— Width
L - .- 0-- Width(with PVP)
200 - —A— Height
. .- - Height(With PVP)
100 L 1 5 I ] I ) I y 1
0 200 400 600 800 1000

Film Thickness (nm)

Figure 2.5 Geometry and average dimension of AgCI crystals are critically dependent on the
thickness of nanocomposite film. Cubic shape crystals are observed when the film thickness
is under 200 nm, while crystals of spherical and elliptical shape are respectively observed
when the thickness is 250~400 nm and > 400 nm range. Dimensions of crystals are
proportional to the film thickness but the height of crystals only reaches a maximum value of
400 nm. The presence of PVP shows no effect on the dimensions.
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Figure 2.6 Time-lapse AFM images of a nanocomposite film after (a) 30, (b) 40, (c) 50, and
(d) 60 minutes of drying in the air at the room temperature. Images show AgCI crystals, as
indicated by the arrows, appear and grow on the film surface with time. Z-profile of the
images shows that the height of the crystal at the center of the image continues to grow while
other new crystals appear on the surface.
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Chapter 3

Controlling Interconnected Silver Network Structure in Sol-Gel
Nanocomposite via Shrinkage-induced Stress

Chi-Kai Chiu, Tsan-Yao Chen, and Tzy-Jiun M. Luo

Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27606

Abstract

An interconnected silver network of granular layers with each layer about 100 nm thick is
spontaneously formed inside a silica matrix when a sol-gel sample containing silver ion and
poly(ethylene glycol) is dried and heat-treated. The minimum grain size of the silver
structure is ~15 pm and the density of the silver structure is related to the drying rate, which
can be controlled by either drying temperature or vacuum drying time. It is found that the
shrinkage-induced stress during the drying process results in microcracks where the crack
surfaces serve as a 3-D template for silver to develop into interconnected network when the
sample is annealed at 160 <C. The ability to control the density of microcracks and utilize the
microcracks as silver template suggests that this method can be utilized to (1) create
interconnected silver network of desired density in silica materials, (2) visualize the
microcracks of sol-gel materials, and (3) reinforce and repair the defects after microcracks

have occurred.
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3.1 Introduction

Materials synthesized via solution route sol-gel method are suitable for applications that
rely on selectivity in diffusion,* size exclusion and filtration,? and encapsulation® * because of
their intrinsic nanoporous structures. These pore structures that occur spontaneously during
the gelation reaction are highly interconnected. Many literatures have reported on how pore
diameters, pore structures, and pore volumes can be controlled.> ® However, using these
nanoscale pores as the template to produce secondary interconnected structures has been
difficult due to that limited diffusion and the existing defects usually result in uneven
distribution. We have reported that by incorporating low molecular weight poly(ethylene
glycol) (PEG), silver nanoparticles and silver chloride nanoparticles inside the pores of sol-
gel materials remain mobile and they are able to transport to the surface when the sol-gel
material is under shrinkage-induced stress.” It is known that silica materials synthesized by
sol-gel method tend to shrink during drying. Solvent evaporation causes the structure of sol-
gel materials to collapse and such shrinkage often induce stress, resulting in cracks. This is
particularly common on films made via sol-gel processes as cracks are often thickness-
dependent.® Here we demonstrate that the microcracks also occur during the drying of a
monolithic sol-gel sample and such microcrack surfaces can be utilized as the template to
form interconnected silver structures (Figure 3.1a). We also show that the density of silver
structure is related to the volume shrinkage rate in the drying process while the density is not

related to the final annealing stage where the reductive polymer environment facilitate the
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formation of interconnected silver network without causing the sample to disintegrate (Figure

3.1b).

3.2 Experimental procedures
3.2.1 Nanocomposite synthesis

The monolith of sol-gel samples that contained metal ions and poly(ethylene glycol)
(PEG-300, MW = 300, Fluka) were synthesized using sol-gel method’ followed by drying
and solid-state polyol process. All samples were prepared by mixing appropriate amount of
the following three stock solutions. Solution 1 was prepared by dissolving 2.5 wt%
polyvinylpyrrolidone (PVP, MW ~ 36,000, Sigma-Aldrich) in PEG-300; Solution 2 contains
0.3 M silver nitrate solution in deionized water. Finally, solution 3 containing 15.2 ml of
tetramethylorthosilicate (TMOS 98%, Sigma-Aldrich), 80 i of 0.5 N HCI, and 3.6 ml of
deionized water was prepared according to the reported procedure,” All mixing processes
were performed at 0 <C in an ice bath. In the first step, 40 L of solution 1 was mixed with
600 p of solution 2 and stirred for 30 sec. After adding 300 L of solution 3 with additional
stirring for 30 sec, the mixtures were transferred to 10x25x3 mm polyacrylate cuvettes
until gelation was completed (Wet gel, Figure 3.1a). Then, the samples were aged for 5 days
at room temperature in the cuvettes (Aged gel, Figure 3.1a). The resulting monolithic
samples were transferred from cuvettes to petri dishes and dried under various conditions. At
the drying stage, the samples became semi-transparent monoliths. Upon exposing to light, the

monolithic samples turned dark-brownish within hours. For vacuum drying samples, the
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monoliths were transferred into desiccators then vacuumed under 0.1 torr for 1, 3, and 9
hours, respectively. For oven heating samples, the monoliths were respectively treated in
Isotemp oven at 40, 60, 80 <T for 4 hours. One set of samples was placed in 40 <C oven for
additional 48 hours (Dried gel, Figure 3.1a). The samples shrank to smaller dimensions
according to different treatments. To induce silver reduction reaction and complete the
metallization, all dry samples were heat-treated at 160 <C in the Isotemp oven for 3 hours,

during which the dark-brownish monolith became silver metallic (Annealed gel, Figure 3.1a).

3.2.2 Micro-hardness, fragment size analysis, bulk resistivity, and cross-section analysis
After drying in different temperatures, the hardness value of the dried gels was
measured by Buehler Micrometll (Lake Bluff, IL, USA) Vickers hardness tester using a 10 g
load cell and a loading time of 15 sec. Five hardness values were measured for each sample.
Analysis of fragment size, bulk resistivity, and cross-sectional imaging were performed on
the 160 <C annealed gels. To analyze the fragment size, samples were broken by force into
small particulates to reveal the silver color covered on the particle surface. The Image-J
software was utilized to determine the feret’s diameter of each fragment and each histogram
was determined for each sample. The bulk-resistivity of composites was measured using
Signatone four-point probe system consisting of a Keithaly S220 current source and a s2000
multimeter. Five data points were acquired for each sample. The cross-sectional images of
monolith were prepared by first fixing monolith samples in epoxy resin followed by cutting

with a diamond saw. Then the surfaces were polished using sandpapers of 600 and 1200 grits
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size. Scanning electron microscopy images were taken on Hitachi S3200 SEM and the
samples were imaged after sputtering additional metallic coating. The Oxford Isis energy
dispersive X-ray spectrometer system attached on the SEM was used to identify the
characteristic X-ray emission of the elements at surface areas using an accelerated voltage at

20 kV.

3.2.3 Determination of silver network density

The density of silver network on the cross-sectional images of the annealed samples
was determined using ASTM standard E112-96 method (i.e., the standard method for
average grain size). For each image of 685 pm x 508 pm, five horizontal lines of equal
length separated by equal space were placed on the image. The numbers of intersects per 100
pm length where the silver network and the drawing line overlap are determined and then

converted to grain size. Four images were analyzed for each sample.

3.3 Results and discussion

The general procedure for creating interconnected silver network in sol-gel
nanocomposites includes preparation of wet gels, followed by aging and drying to form
xerogels, then annealing heat-treatment at 160 <C. The drying step was carried out by heat
treatment at various temperatures (40 ~ 80 <C) to achieve various degrees of drying states
prior to the final annealing step at 160 <C. During the annealing treatment, black samples

became sliver reflective color, indicating metallic silver layers have been produced. We have
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previously reported that interconnected silver layers appear on both surface and internal
space of sol-gel materials and their interconnectivity is related to the amount of polymer in
the samples.” Here, the sample dimension at each stage is shown in order to evaluate the
degree of drying for the drying process (Figure 3.2). All aged gels retained 85% of the
original size of wet gel volume and respectively shrank to 78%, 72%, and 61% of the wet gel
size when drying for 4 hours at 40 <C, 60 <C, and 80 <C. The final size after annealing is
~55% of the wet gel and this value is independent of the drying process. Therefore the
remaining dimension at ~55% is considered to be stable and fully dry. Without annealing,
additional heat treatment at 40 <C for 2 days after 80 <C drying process was required to
achieve this value at ~55%. After annealing treatment the volume of sample did not change

and the silver sample was not disintegrated.

To determine the effect of drying process on the xerogel and silver network density,
two drying processes were performed: isothermal vacuum drying and oven drying at various
temperatures. The pictures of the resulting samples under vacuum drying and oven drying are
shown in Figure 3.3a and 3.3b, respectively. Similar to the oven-dried samples, vacuum-
dried samples also shrank with their size reduction proportional to the treating time and
reached ~58% of the original size after 9 hours of vacuum drying. After annealing at 160 <C,
the exterior surface of all samples was typically covered by a silver layer (Figure 3.3c),
which has been confirmed by X-ray diffraction to be silver crystalline structure.” To

determine the density of silver network, the interior silver structure was revealed by breaking
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the samples with force to expose the surface of granular structure (Figure 3.3d). Pictures of
the broken pieces were later analyzed using Image-J software to determine the average
Feret’s diameter (Figure 3.3e and 3.3f). Both vacuum and oven drying processes show
similar effects on the size of particulates, indicating temperature alone is not the direct factor
for the size reduction of granular structure. We also found that the size of individual silver
particles created during the annealing step is only dependent on the drying process but not
the annealing process. Figure 3.3e show the average Feret’s diameter decreases with both
vacuum drying time and oven-drying temperature. For example, the minimum Feret’s
diameter reaches ~1.4 mm after 9 hours of vacuum drying. The same diameter can be
achieved by heat-treatment although additional 2 days treatment at 40 <C is required. In
general, vacuum drying is a more effective drying process, but rapid drying tends to damage
the samples (Figure 3.3a). Considering the Feret’s diameter is dependent on the drying
process, we postulate the Feret’s diameter of the granular structure must be related to the
shrinkage of the sample. Hence, the diameter of granular structure is a function of the size
reduction during the drying stage. However, the diameter is not related to the annealing stage.
According to Figure 3.2, the size of a 40 <C oven-dried sample was reduced by ~30% during
the annealing process, but the Feret’s diameter only reduced to ~ 3.05 mm. In general,
shrinkage of sol-gel materials results in lower porosity, which should increase the overall
strength of the material. On the other hand, shrinkage also induces residual stress, which can

be estimated by hardness measurement.
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It is well known that the state of surface cracks around the corners of a Vickers pyramid
indenter reveal the fracture toughness and surface stresses of materials.® *° The procedure is
based on the principle of indentation fracture where the value of microcracking around
hardness impressions provides a measure of resistance to crack extension. Measurement of
crack size on surfaces of different samples can be estimated to yield information on the
residual stress.** Here, the Vickers hardness of the dried gels and the corresponding stress
values are shown in Figure 3.4a. The stress increases from 0.39 MPa to 15.66 MPa when the
drying temperature increases from 40 <C to 80 <C. The stress reaches maximum of 28 MPa
when additional 2 days of 40 <C treatment was performed after 80 <C drying process. The
stress correlates well with the Feret’s diameter of the annealed samples. In addition to the
density of silver network structures, the actual connectivity of silver network of the annealed
monoliths was furthered evaluated using bulk electric resistivity (Figure 3.4b). The bulk
resistivity values decrease 10 times as the drying temperature increased from 40 <C to 80 <C,
which confirms the higher interconnectivity of silver structures resulted from the higher
shrinkage rate during drying process. It is interesting to note that the bulk resistivity of the
annealed sample only changes from 6.54x10° to 5.04x10"® ohm-cm when additional 2-days
drying treatment at 40 <C was performed. The small decrease in the resistivity between two
samples shows that the minimum threshold for good conductivity has been reached when the

diameter of granular structure is ~ 2.0 mm.
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We consider the shrinkage of sol-gel sample should have an effect similar to the rapid
cooling process performed at glass tempering, which induces surface compressive stress to
prevent the propagation of surface defects. The surface compressive stress and the tensile
stress inside the bulk after tempering process increase the fracture toughness of glasses. Such
surface compressive strain has been shown to generate tiny cracks on the surface,** which
tends to result in small broken pieces due to the intervening release of stress around the
microcracks.”® This phenomenon is similar to our drying process when various drying
temperatures were used. In addition, high cooling rate during glass tempering could also

induce the growth of small cracks into large ones.**

The volume shrinkage of the monoliths is the result of pore collapsing, which also
induces the residual strain. Although all samples eventually shrank to the same size after
annealing process, only the shrinkage at the drying process contributes to the stress
accumulation in the samples. The presence of microcracks induced by residual stress was
confirmed by examining the cross-sectional area of the sample (Figure 3.5a). Although
microcracks appear as 2D bright fine lines on the image, these defects are in fact 3D surface
defects. Depending on the orientation of the crack surfaces, when they are about parallel to
the cross-sectional plane, defect surfaces of silver color are visible on the image (Figure 3.5a).
The density of macro-size cracks also increases with the density of microcracks (data not

shown). When an external force is applied to the monolith, fracture most likely follows the
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surface of macrocracks (Figure 3.5b) and result in small fragments covered with silver

(Figure 3.3d).

The propagation of cracks within sol-gel monolith during drying and annealing
processes has been observed before.”*® During the drying process, the volume of sol-gel
decreases due to large capillary forces from solvent vaporization and additional
polycondensation reaction. According to Gibbs-Kelvin equation, different shrinkage between
the interior and exterior of a drying sol-gel sample may build up stress*® %, If the drying rate
is increased, cracks will develop when it reaches to a critical value. Thus, when solvent
evaporation rate increases, the interior tensile stress and the probability of cracking increase.
Such stress has been shown to be as high as 100 MPa.'® These microscopic cracks
occasionally merge together, resulting in macroscopic cracks and monolith disintegration.
When annealing at 160 <C, few new cracks developed possibly due to the presence of more
ductile silver phase. We have confirmed on SEM that both micro-size and macro-size cracks
are present on cross-sectional surface (Figure 3.5b). Due to large void spaces at the

macrocrack sites, silver layer appears to be thicker at the crack surfaces.

The proposed mechanism of silver network is shown in Figure 3.1b. Shrinking of
samples during drying process built up internal tress and generated network of microcracks.
In the mean time, the stress also forced the polymer in pore structures to migrate to the crack

surfaces and open areas (i.e., the defect site and exterior surface). Upon heat-treated at
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160 <C, the polymer turned into an effective reducing agent and facilitated the nucleation and
growth of silver at the crack surfaces where exhibits high surface energy and low activation
energy for silver to nucleate and grow. The formation of silver inclusion should increase the
internal stress around the surface between silver and the matrix and caused the internal crack

surfaces to propagate,21‘ 2

thus the cracks grew until they interconnected. In general, the
possibility of fracture at this point could be high due to high stresses and low strain tolerance
of the sol-gel materials. The reason our samples did not disintegrate because more ductile
silver network reduce the overall brittleness and eventually increase the toughness of the

samples.

The interconnectivity of the silver network explains why the bulk electrical resistivity
of the sample decreases when the crack density increases. The thickness of the silver layer at
the microcracks was estimated on SEM to be around 100 nm and the EDX analysis
confirmed the presence of silver element on these defect areas (Figure 3.5b inset). The
density of silver network resulted from microcracks was estimated using the cross-sectional
surface of annealed gels. When the sample was dried at 40 <C, the average grain size (i.e.,
spacing) of the silver network in the annealed sample was 27 pm. The size decreased
respectively to 20 and 17 pm when the drying temperatures were 60 <C and 80 <C (Figure
3.5¢). Additional 2-days heat treatment at 40 <C after drying at 80 <C further decreased the

grain size to 15 pm. Therefore we conclude that 15 pm is the minimum feature size of the
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silver network that can be produced naturally from drying and annealing of the sol-gel

materials.

3.4 Conclusion

In summary, synthesis of interconnected silver structures based on the presence of
defects (i.e., microcracks) within sol-gel nanocomposite was reported. The interconnectivity
density of silver covered area is related to either drying temperature or vacuum drying time
carried out during the drying step while the density is not related to the annealing treatment
when the metallization actually occurs. The minimum grain size of silver network was
measured to be ~15 pm. In summary, our method can be utilized to (1) create interconnected
silver network with controllable density in silica materials, (2) visualize the defects of sol-gel

material, and (3) reinforce and repair the defects after microcracks have occurred.

3.5 References

1. N. Koone, Y. Shao, T. W. Zerda, J. Phys. Chem. 1995, 99, 16976.

2. S. Benfer, U. Popp, H. Richter, C. Siewert, G. Tomandl, Separation and Purification
Technology 2001, 22-3, 231.

3. B.C. Dave, B. Dunn, J. S. Valentine, J. I. Zink, Anal. Chem. 1994, 66, A1120.

4. C. Sanchez, B. Julian, P. Belleville, M. Popall, J. Mater. Chem. 2005, 15, 3559.

5. C.J. Brinker, R. Sehgal, S. L. Hietala, R. Deshpande, D. M. Smith, D. Loy, C. S. Ashley,

J. Membrane Sci. 1994, 94, 85.



45

6. Y.F.Lu, G. Z. Cao, R. P. Kale, S. Prabakar, G. P. Lopez, C. J. Brinker, Chem. Mat. 1999,
11, 1223.

7. T.Y.Chen, C. K. Chiu, Y. J. Choi, T. J. M. Luo, T. L. Lin, J. Mater. Sci. 2012, In press.

8. M. Bockmeyer, P. Loebmann, Thin Solid Films 2007, 515, 5212.

9. D.B. Marshall, B. R. Lawn, J. Am. Ceram. Soc. 1977, 60, 86.

10. G. R. Anstis, P. Chantikul, B. R. Lawn, D. B. Marshall, J. Am. Ceram. Soc. 1981, 64,
533.

11.J.J. Swab, J. C. LaSalvia, Applied Ceramic Technology 2011, I-6.

12.J. M. Barsom, J. Am. Ceram. Soc. 1968, 51, 75.

13. R. Gardon, J. Am. Ceram. Soc. 1978, 61, 143.

14. Pavlushk.Nm, Silvestr.Si, V. M. Firsov, V. D. Kazakov, J. Mater. Sci. 1969, 4, 479.

15. G. W. Scherer, J. Non-Cryst. Solids 1992, 147, 363.

16. T. Kawaguchi, H. Hishikura, J. lura, J. Non-Cryst. Solids 1988, 100, 220.

17. H. Murata, D. E. Meyers, F. Kirkbir, S. R. Chaudhuri, A. Sarkar, J. Sol-Gel Sci. Technol.
1997, 8, 397.

18. F. Kirkbir, H. Murata, D. Meyers, S. R. Chaudhuri, A. Sarkar, J. Sol-Gel Sci. Technol.
1996, 6, 203.

19. G. W. S. Jeffrey Brinker, Sol-gel science, Academic Press, New York 1989.

20. L. L. Hench, M. J. R. Wilson, J. Non-Cryst. Solids 1990, 121, 234.

21. J. Selsing, J. Am. Ceram. Soc. 1961, 44, 419.

22. F. F. Lange, M. Metcalf, J. Am. Ceram. Soc. 1983, 66, 398.



46

| |
| O
\
AN
Wet gel Aged gel Dried gel Annealed gel
(a)
lY’ »
IS
N
\\ \
AR AN
Dried gel Ag nucleation & growth Propagation Annealed gel
(b)

Figure 3.1 (a) A stepwise procedure for producing interconnected silver network within a
nanocomposite sample includes aging, drying, and annealing at 160 <C, each of which respectively
results in aged gel, dried gel, and finally the annealed gel. (b) A proposed mechanism explains the
development of silver network during the annealing of a dried gel.
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Figure 3.2 Evolution of the sample dimension during each treatment stage. The dimension of aged
gels was 85% of the wet gel size and it reduced to 78%, 72%, and 61% after drying for 4 hrs at 40 <C,
60 <C, 80 <C, respectively. The dimension decreased to 55% when additional 2 days heat treatment at
40 <C was performed. The size of all annealed samples reduced to 55% regardless of the drying
temperature prior to the annealing.
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Figure 3.3 The density of silver network was evaluated by measuring the size of individual fragments
after breaking the annealed samples by force. Dried gels were produced via (a) vacuum drying and (b)
oven drying. After annealing at 160 <C, the annealed gel typically has a silver metallic appearance (c)
and its macroscopic silver network structures are revealed by (d) individual fragments. The size of the
pieces decreases with (e) vacuum time and (f) drying temperature during the drying process.
(fadditional treatment at 40 °C for 48 hours)
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Figure 3.4 (a) Hardness of the dried gels on Vickers scale after respectively drying the samples for 4
hrs at 40 °C, 60 °C, 80 °C, and 80 °C with additional 40 °C treatment for 2 days (denoted by 807).
The estimated stress was converted from the hardness and shown on the right. (b) Bulk electric
resistivity of the annealed gels. The gels were annealed to produce silver network after the 4 hrs
drying treatment at 40 <C, 60 <C, 80 <C, and 80 <C with additional 40 <C treatment for 2 days
(denoted by 807).
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Figure 3.5 SEM images of cross-sectional area of the annealed gel, which has been oven-dried at
80 <C for 4 hrs followed by annealing at 160 <C. (a) White fine lines and dots depict the silver
network structures and aggregated silver nanoparticles. (b) Silver layer also appears at the facture
surface of macrocracks. The inset is the energy-dispersive X-ray spectroscopy of the surface near a
macrocrack. The presence of silver element has been confirmed. (c) Average grain size of the silver
network inside the annealed gels vs. various drying temperatures carried out at the drying stage. The
average grain size reaches 15 pm when the oven-drying was performed at 80 <T followed by
additional 40 <C treatment for 2 days.
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Chapter 4

Synthesis of Porous Silver Metals by Ceramic Processing of Sol-Gel
Particles

Chi-Kai Chiu, Tzy-Jiun M. Luo

Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27606

Abstract

Porous metallic silver has been successfully produced by ceramic processing of sol-gel
particles, whose procedure includes grinding a sol-gel synthesized silica into powder,
powder-pressing, annealing at 600 <C, and silica etching in HF. Silica powder of 2 pm and
73 m were produced and the pore size of porous silver is related to the particle size and
pressing pressure. It is found that the interconnected silver network was formed after
annealing, which has been proved using SEM, bulk resistivity, and 3-point bending test. The
formation of interconnected silver network within powder-pressed sample is the key to the

successful synthesis of the porous metals.
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4.1 Introduction

Due to high specific surface area, low density, and intrinsic electrical conductivity,
nanoporous metallic materials are ideal for power generation, filtration, deionization, and
sensing. It has also been reported that nanoporous metals may show higher toughness and
yield strength than the bulk materials because the grain size is limited by the nanostructure.
To create such materials, methods include infiltrated deposition in inverted opal structures,
chemical reduction with sacrificial templates and porous templates, selective etching, self-
assembly, and hot-pressing. Currently, to create bulk porous structure at large quantity
requires multiple steps of industry processes, which most utilize gas foaming® ? and melt
filling® * methods. Gas foaming is a non-homogeneous procedure while melt filling method
is only suitable to create samples of large pore size (100-1000 pm). Hence, there is still a
need to identify an economical and rapid approach for creating bulk porous samples

particularly with desired geometry.

We have been investigating silver interconnected structures within sol-gel
nanocomposites and exploring how to control their structures at nanoscopic to microscopic
scales. Here, we report a simple and highly scalable approach for creating porous metals in
bulk with a possibility to produce them in desired geometry. The starting material is a dry
sol-gel produced silica sample containing 25 wt% silver nitrate. The procedure begins with
grinding to produce silica powder, pressing into desired size and geometry under pressure,

and then annealing to harden followed by etching in solution to give porous structures
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(Figure 4.1). This approach combines the advantages of top-down and bottom-up methods to
create porous structures of controllable pore size and connectivity as it utilizes the diffusivity
of silver in the nanoporous silica when reduction of silver nitrate is carried out at the
annealing step. Since the formation of interconnected silver is critical in this process, the
composition of sol-gel silica, the size of milled silica powder, pressing pressure and heat
treatment temperature should be controlled. Therefore, we report here how pore size and
interconnectivity of the metal samples to be controlled using the size of silica powder (e.g.,

2~73 pm) and the pressing pressure (100~400 MPa).

4.2 Experimental procedures

TMOS-sol was prepared by mixing 3.6 mL of deionized water and 15.2 mL of
tetramethyl orthosilicate (TMOS). Upon adding 80 i of 0.5 N HCI, the mixture was
immediately placed in an ice bath and vigorously stirred for 2 min until the solution became
clear and uniform. Then, the mixture was sonicated at room temperature for another 20 min.
The stock solution was stored in the freezer for future preparation. To prepare silica sample
containing silver, a solution of 1 M silver nitrate and the TMOS-sol were mixed at 4:1 (v/v)
ratio. After stirring for 30 seconds, the mixture was transferred into cuvettes and aged at
room temperature for 2 days. The mixture normally turned into gel-like solids after 6 hours.
Later, the cuvette covers were removed, allowing the samples to dry at room temperature for
another 4 days. The dry gels were briefly grinded and then dried at 50 <C for 2 days. The

resulting samples that appeared to be white powder were further ground in a mortar with a
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pestle for 5 min to derive the average particle size of 73 pm in diameter. The powder was
stored in the dark for future use and was used to prepare all the samples in this study unless
state otherwise. To prepare powder of 2 pm in diameter the grinding process should take

longer than 50 min.

To form a compressed solid, 900 mg of the fine powder was transferred into a disk
shape tungsten carbide mold. A carver press was placed on top of the sample and various
pressures between 100 - 400 MPa was applied for 180 seconds using a laboratory press
(Carver, Wabash, In). The compressed pellet was measured to be 7 - 13 mm in diameter and
~1 mm in thickness. Then, the sample was heat-treated at 600 <C in an oven for 90 min under
a ramping rate of 20 <T/min from room temperature. The sample was remained in the oven
and allowed to cool to room temperature for about 2 hours. Then, the sample was immersed
in 10% hydrofluoric acid or 15 M sodium hydroxide solution for 120 min to remove the
silica matrix. The resulting porous silver sample appeared to be silver color and should

maintain its original shape with undetectable volume shrinkage.

4.3 Results and discussion

The surface of the silver sample is revealed on SEM images under 3 different
magnifications. The porous structure appears to be through out the sample and the pores on
the surface have uniform size all over the surface (Figure 4.2a). Pore space is interconnected

and visible on Figure 4.2b. Pore size was estimated to be ~20 pm. Close examination on
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SEM images reveals that the open pores are defined by the random arrangements of 1D silver
aggregate (i.e., pore struts), which have irregular shape and interconnect in 3D space (Figure
4.2c). The surface of 1D silver struts is ragged and consists of many facets and small
particles of various size < 5 pm. The thickness of individual 1D silver structures was
estimated to be ~10 m. The maximum size of aggregated silver structure is no more than 20
pm. The ragged surface is formed due to the geometry and shape of void space between the
compressed silica particles (Figure 4.2d). Because the silica powder was produced after the
sol-gel silica sample was completely dry, it is expected that the individual powder particle
created by grinding procedure and pressure pressing should create multiple facets instead of

round and globular shape when fractures of ceramic particle occur.

To examine the effect of powder size on the pore structure of the samples, silica
powder of much smaller diameter around ~2 jum were produced and used. SEM images show
that the pore size of such sample is ~5 jum and the diameter of 1D interconnected struts is ~2
pm (Figure 4.3a and 4.3b). Individual 1D silver aggregate are composed of individual silver
particles about 1~2 pm in diameter. In general, it is expected that the feature size of porous
structure decreases with the particle size, but it is interesting to find that on both figure 4.2
and 4.3, the pore sizes of both samples are equal or smaller than the powder size. By studying
annealed samples, we found that fracture of silica particles occurred during the pressure
pressing and resulted in the reduction of powder size, as can be seen on the SEM image of

annealed samples where small fractured particles are surrounding large particles (data not
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shown here). The SEM images of annealed sample reveal created using 73 pm powder that
the microstructure consists of large particles (>10 pm) and small particles (<5 pm). Both
particles are smaller than the original powder size (73 pm), indicating deformation and
compaction of the particles have occurred. Small void spaces and defects are found around
the particles as both defect and void spaces serve as the template to form interconnected
silver structures when annealing at 600 <C. This explains why the high resolution SEM of
silver structure surface reveals multiple facets, which represents typical fracture surfaces of
brittle materials (i.e., dry silica). This observation also proves that the porous silver structures
are the results of surface template where silver form in the void spaces and fractured surfaces

between particles during annealing.

Because fracture density and void spaces of compressed particles are dependent of the
pressing pressure, porous structures of the samples prepared from 73 pm powder under 100,
200, and 400 MPa pressures are shown on Figure 4.4. We found the 1D silver struts on the
sample prepared under high pressure tend to have multiple facets while on the sample
prepared under low pressing pressure has globular and round silver aggregates. The feature
size of silver struts for samples prepared under 100, 200, and 400 MPa is 18 pm, 11 pum, and
6.5 pm, respectively. The large silver aggregate structures resulted from 100 MPa indicates
larger void volume was produced at lower pressure. Fewer silica particles were crushed
under 100 MPa and resulted in lower density. Although pore size may be different, the

porosity of silver foam calculated from the theoretical density of silver decreased only
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slightly from 89.0% at 100 MPa to 88.8% at 400 MPa, indicating the porosity remain

constant in all three samples.

According to the TGA data, pure silver nitrate decomposes at 450 <C. Silver nitrate
within the sol-gel matrix was found to decompose and reduce to metallic silver at 300 <C.> ®
The release of oxygen radicals from the condensation reaction of silane may help to reduce
silver. However, silver nitrate in our dry silica sample decomposed between 250 <C and 600
<C, according to our TGA results. Therefore, the reduction reaction of AgNO3 was carried
out at 600 <C. Above 400 <TC, the thermionic decomposition of silver nitrate occurs while the
diffusion and migration of silver nanoparticles are likely to occur at 600 <C. The weight
percent of silver phases within Ag-silica composites increases to 40 wt% after annealing
according to the TGA calculation. After annealing, SEM images show that silver phase
surrounds large particles and fills out those void spaces (Figure 4.2d). In order to reduce
surface free energy, silver tend to aggregate at void spaces at high annealing temperature.
The result is larger silver structures. At the same time, sol-gel silica continues to shrink,
reducing the sample size to 88 % of original volume. Later, silica can be removed with
hydrofluoric acid or sodium hydroxide, leaving only interconnected silver structure with a
strut size around 6.5-18 pm. EDXS was utilized to determine the composition of silver
sample and only silver peak at 3.5 keV was found on the spectrum, indicating silica has been

completely removed.
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The strut size of porous network can be controlled by pressing pressure. The strut size
decreases from 18 to 6.5 pum when pressure increases from 100 to 400 MPa (Figure 4.5a). As
shown in the SEM images (Figure 4.4), the strut size decrease as the pressure increases. Low
pressure results in larger void space between silica phases. Hence, density and pore size of
the silver sponge can be easily controlled using pressing pressure. The reversed relation
between pressing pressure and density of the silver sponge can be described using an
empirical equation that it predicts that about 50-70% of the relative density can be derived
after pressing.” This phenomenon also serves as the proof that the void spaces between
particles are the 3D template for silver. To further confirm the interconnected silver network
was formed after annealing and its connectivity, the bulk electrical resistivity of annealed
samples was measured. The results show resistivity decreases with the pressing pressure,
which indicates the increase of interconnectivity density (Figure 4.5b). This confirms that the

interconnected silver network was formed after annealing.

The stress-strain curve from the results of three-point bending test of annealed samples
also provides the information on silver interconnectivity. After the formation of silver
network structure within the compressed silica powder, both ductility and toughness of the
annealed sample increase. Although the muduli is lower than the sample made of pure silica
powder, the ultimate strength increases (Figure 4.6a). The ultimate strength increases by 64%
from 11 MPa to 18 MPa (Figure 4.6b). Furthermore, this reinforced effect of silver network

is significant, considering the porosity of the annealed sample with silver network is ~45%
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compared to that of the one without silver network around < 5%, which is the result of more
ductile silver phase. SEM images confirm the elongation and distortion of silver structure at
fracture surfaces. The overall toughness based on the stress-strain curve was determined to be
5.48 times higher. Although the nanoporous metals usually exhibit lower fracture toughness
than the bulk metal due to the limited density of dislocations, it shows the reinforced effect
when incorporating into the ceramic glass. Thus, combining its higher strength, the
interconnected metal structure could be used as the reinforced phases for the ceramics
produced from powder pressing and to replace the traditional polymers and ceramic phases.®
® The interconnected structure also provides the isotropic reinforced effect all over the

composites rather than only anisotropic effect of fiber reinforced composites.

4.4 Conclusion

We have successfully produced interconnected silver network inside powder-pressed
silica and porous silver in bulk by etching the silica. The silica powder containing AgCl was
ground from sol-gel synthesized solid. The milled silica particles do not have to be in
spherical shape. Instead, silica powders of irregular shape with an average diameter of 2 and
73 pm produced from the grinding process were used and the efficient of packing can be
enhanced by the pressing pressure. We have shown that the pore size of silver network is
related to the final size of compressed particles and the presence of silver network after
annealing, hence a metal-ceramic composite, significantly enhances the mechanical

properties of powder-pressed ceramics.
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Grind

Anneal

Figure 4.1 The step-by-step procedure for producing bulk porous silver from a dry sol-gel silica
containing AgNOs includes (1) grinding, (2) press-forming, (3) annealing, and (4) etching in HF. The
resulting solid is a silver color sample as shown on the photo.
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Figure 4.2 A uniform porous structure can be seen on the silver solid sample produced using 70 pm
size powder at (a) 250x and (b) 500x magnifications. (c) Surface of the sample is magnified at 2,000x
to reveal the open pores and strut surface structures. (d) Silver distribution on the surface of annealed
sample prior to the etching step indicates that silver appear at the void spaces between silica particles.
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Figure 4.3 (a) SEM images of the silver metal made from powder of 2 um in diameter reveal much
smaller pore structures (2,000x). (b) High resolution image at 8,000x reveals the grain-like silver
struts arranging in anisotropic order due to the packing of powder particles.
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Figure 4.4 SEM images of three porous silver samples that were prepared respectively under (a) 100
MPa, (b) 200 MPa, and (c) 400 MPa, show that the size or pore struts decreases with the pressing
pressure.
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Figure 4.5 (a) The size of pore struts in silver sponge decreases with the pressing pressure. (b) The
interconnectivity of silver network increases with the pressing pressure as revealed by the bulk
resistivity of the annealed sample, which proves that silver network is formed after annealing.
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Figure 4.6 (a) Effect of silver on the stress-strain behavior of the annealed samples shows that silver
phase contributes to the ductility of the annealed sample. The annealed sample without the silver
phase appears to be brittle. (b) The ultimate strength of annealed samples with the presence of silver
network is 64% higher than that of silica only.
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Chapter 5

Self-Assembled Silver Nanoparticle Pattern Using Silane Treated Sol-gel
Nanocomposites

Chi-Kai Chiu, Tzy-Jiun M. Luo

Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27606

Abstract

We have demonstrated a simple but highly selective method for creating silver nanoparticles
on patterned polymer-silica nanocomposite films. The deposition of nanoparticles on the
nanocomposite film only occurs at the area that is thicker than 100 nm where enough
concentrated Ag” could be migrated to the surface to nucleate and grow. This selectivity
makes imprint patterning useful for this application as the removal or post-processing of the
residual layer of the film is not needed. In the present study, (3-mercaptopropyl)trimethoxy-
silane (3-MTS) was added into polymer-silica nanocomposites as the silver absorption agent
to form patterned arrays of nanoparticle. AFM and SEM were used to observe the structures
of silver nanoparticle patterns. The EDX and UV-Vis spectrum were measured to investigate
the formation of silver nanoparticles. Two methods at different temperatures are utilized to
form nanoparticles patterns including decomposition and electroless deposition (ELD),
respectively. The silver nanoparticles with average size of 100 - 120 nm and linear density of

2.6 - 3.4 m™ are synthesized at 400 - 600 <C treatments by decomposition. The 67 nm silver
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nanoparticles with linear density of 5.65 pm™ can be synthesized at room temperature by
ELD. The strong affiliation of thiol groups of 3-MTS to silver was found critical to the
selective growth of silver nanoparticles on the protruded areas, suggesting this simple

approach have high potentials in industrial nano-imprint and nanotechnology applications.

5.1 Introduction

To fully utilize the properties of nanoparticles for applications in optics, ?
microelectronics,® * sensors™ ® and biomedicines,” ® patterned arrays of nanoparticles are
often constructed. Recent studies have shown that an array of metal nanoparticles may
overcome the diffraction limit and guide light in sub-wavelength regions, making it useful for
optoelectronics and light emission applications.® ° However, synthesizing patterned arrays
of nanoparticles only receives limited success and only two methods have been proposed to
control the nanoparticles’ position on solid substrates. First method, also known as the top-
down method, utilizes electron beam to create patterns onto a uniform layer of nanoparticles
or their precursors on substrates followed by a development step.** *2 This technique can
damage the nanoparticles and the feature size is limited by the theoretical limits of irradiation
source and inherent materials. Second method, called bottom-up method, utilizes a
monolayer of patterned molecule on the substrate as a template to guide the self-adsorption
of nanoparticles from solution.* ** However, it does not yield high quality and good

selectivity features because of the existence of the residual layers left by the imprint

method.® * These residual layers are usually removed at the following steps using either
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chemical etching or plasma etching. The alternative method is self-assemble and in-situ

growth of nanoparticles at patterned region on the solid surface.

We have reported that by incorporating low molecular weight poly(ethylene glycol)
(PEG), silver nanoparticles and silver chloride nanocrystals inside the pores of sol-gel
materials remain mobile and they are able to transport to the surface when the sol-gel
material is under shrinkage-induced stress. The formation of silver and silver chloride
nanoparticles on the surface suggests the possibility to self-assemble silver nanoparticle array
patterns. Thus, how to control the deposition sites becomes the new task in the present study.
Here, thiol chemical group within sol-gel nanocomposites was utilized to control the mobility
of silver ions toward surface and thus vary the density of nanoparticles at different locations.
Two processes were demonstrated to grow silver nanoparticles and they are heat treatment
(Figure 5.1a) and electroless deposition (Figure 5.1b). Both processes consist of two steps 1.
Formation of thiol containing pattern and 2. Deposition of silver nanoparticles (Figure 5.1).
The thiol group is known for its strong affiliation to gold, silver and platinum atoms and has
been utilized to produce self assembled monolayer.'”*° By limiting the mobility of silver ions
within the sol-gel nanocomposites, the formation density of silver nanoparticles at selected
areas can be controlled. The silver nanoparticle arrays exhibits well-defined pattern, highly
selective nanoparticle deposition and tunable nanoparticle sizes regardless the thin residual

layer. Thus, the fabrication method of Ag nanoparticle array described here can be
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generalized to fabricate diverse arrays with various materials having controllable geometry

and dimensions.

5.2 Materials and Methods
5.2.1 Preparation of stock solutions

TMOS-sol was prepared by mixing 3.6 mL deionized-water with 15.2 mL Tetramethyl
orthosilicate (TMOS, Si(OCHj3)4, 98%, Sigma-Aldrich). After adding 80 L of 0.5 N HNOs,
the mixture was transferred into ice bath immediately. During the vigorous stir for 2 min in
ice bath, the solution became clear and uniform. Then, the mixture was sonicated for 20 min.
The resulting solution should be colorless and particle free. PEG-sol was prepared by adding
3.6 mL DI-water into TMOS-sol and then adding 7.2 mL Poly(ethylene glycol) (PEG-300,
MW=300, Sigma-Aldrich) into mixture. Methanol was removed from the sol by rotary

evaporation (200 mbar reduced pressure, 45 <C) for 35 minutes to get viscous PEG-sol.

5.2.2 Synthesis of patterned nanoparticle arrays

The CD-ROM pattern template was made by cutting a CD-ROM disc (Verbatim brand)
into 10x10 mm size and the metal coating was peeled away using scotch tape. The template
was sonicated subsequently in isopropyl alcohol (IPA) and methanol solution for 10 min to
clean and remove the dye. After sonication, the template was dry by purging the air. The

glass substrate was made by cutting glass slide (Fisher brand) into 10x10 mm size and then
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cleaned subsequently in IPA and methanol for 10 min sonication. After drying by purging

air, the glass substrate was plasma-treated for 2 min immediately before use.

Two procedures were employed to create sol-gel patterns and each requires different
casting solution. For first method, two surfactant solutions used in the first procedure are (3-
mercaptopropyl)trimethoxysilane solution (3-MTS, 0.1 M in methanol, Gelest) and
polyvinylpyrrolidone solution (PVP, 0.1 M in methanol). A 40 pL of surfactant solution
mixed with 600 L of 1 M silver nitrate solution and agitated for 30 seconds. Then, a 200 L
of PEG-sol was added into the mixture and mixed for 30 seconds. (note: the PEG-sol should
be warmed up to room temperature before using). For second method, 50 pL of ammonia
water and 10 pbL of 3-MTS solution were added into methanol instead of silver nitrate
solution. Then, 200 i of PEG-sol was added into solution and the mixture was mixed for 30

seconds.

After 10 L of casting solution was dropped onto a plasma-treated glass, the glass slide
was quickly covered with a CD-ROM template, which was secured using a pressure clamp
for 2 hours. After removing the template, the sol-gel pattern should be visible on the glass
substrate. Then, the pattern was aged in ambient environment for 20 hours. Later, the pattern
was treated using one of the following three treatments: (a) heat treatment at 160 <C with a
heating rate of 10 <C/min for 3 hours followed by oven cool down to 25 <C, (b) heat

treatment at 400 <C and 600 <C with heating rate of 10 <T/min and heated for 90 min and
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oven cool down to 25 <C, and (c) soaked in 1 M silver nitrate solution for 20 hours followed
by rinsing with acetone three times and drying in the air. Except for the sample containing
ammonia water (Method 2) that was treated in treatment (c), all other samples (Method 1)

were treated by either (a) and (b).

5.2.3 Characterization methods

The AFM images were obtained by a Veeco calibrator AFM equipped with
phosphorous doped silicon tip. The tapping mode was performed to scan the pattern surface
for showing the particle on the pattern. Scanning electron microscope (SEM) observation
was carried out on a field emission microscope (Hitachi S3200) under an acceleration voltage
of 15 kV and the samples were imaged after sputtering additional metallic coating. The
Oxford Isis energy dispersive X-ray spectrometer system attached on the SEM was used to
identify the characteristic X-ray emission of the elements at surface to acquire the elemental
information. UV-Vis spectroscopy was performed on Varian Cary 100 spectrophotometer
equipped with dual beam chamber, where the nanocomposite patterns on the glass substrate
were measured. In order to subtract the absorption caused by glass, the plain glass substrate

was measured as reference at the same time.

5.3 Results and discussion
The AFM images of different surfactant-treated, non-treated, PVP, and 3-MTS treated

samples after 160 <C annealing are shown in Figure 5.2. The none-treated sample shows
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average size of 200 nm particles randomly distributed at the bottom and protrusion areas of
the patterns (Figure 5.2a). The cross section profile of AFM images confirms that the height
of particles approximate 150-200 nm distributed evenly across the whole pattern. For PVP-
treated samples, the particle size is 413 nm with the least number of particles formed on the
patterns (Figure 5.2b). The increased particles size indicates that the increased growth rate is
due to high reducing power of PVVP-treated samples as compared to none-treated ones. PVP
is known for its reducing power and capping effect with strong affiliation force with silver
nanoparticles.”# Although larger nanoparticles were produced, they are also evenly
distributed on the pattern without showing any selectivity. As for 3-MTS treated sample, the
particles of average size at 240 nm are observed (Figure 5.2c). According to the size and
number of the particle, 3-MTS treated film also shows higher reducing powder than the
none-treated sample although the reducing power is lower than PVP. The particles distribute
selectively at the edge and the top areas rather than the bottom areas of the pattern. These
results can be confirmed by comparing the roughness measurements on different areas of
three samples (Figure 5.2d). The roughness values at the edge, the top, and the bottom areas
for both none- and PVP-treated samples are similar, which shows no selective deposition.
However, the average roughness at the edge and the top areas vs. at the bottom area of 3-
MTS sample is 16 nm vs. 4.5 nm, which indicates the particles are mainly deposited at the
edge and the top areas. In the same time, when comparing the particle numbers at different
areas, Table 5.1 shows the particle numbers ratio between top/edge to bottom areas

significantly increased from 2~3 for none- and PVP-treated samples to 22 for 3-MTS-treated
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samples. Thus, 3-MTS shows the most significant effect on selective deposition of silver

particles at different areas of patterns (Figure 5.3).

According to our previous study, the polymer within the sol-gel derived
nanocomposites tends to diffuse to the surface during the high temperature annealing
process. The further condensation reaction and shrinkage of the gel have been found to be the
main driving forces. When incorporating silver ions, these ions can be carried by the polymer
phase to the surface. PEG have been shown to exhibit the reducing power for silver ions at
160 <C because the oxygen atoms on the carbon backbones tend to oxidize and reduce the
silver ion to silver.”® # This reducing powder depends on the heating temperature and
molecular weight of PEG but PEG shows no affiliation force to the silver ions. Thus, non-
treated sample shows reducing power but no selectivity in controlling the deposition position.
Both PVP* % % and 3-MTS? % show affinity to silver ions. However, the PVP within PEG
solution tend to diffuse to the surface of the pattern during high temperature annealing and
form silver particles at the surfaces. There is no control of the position when PVP diffuses
with PEG at high temperature, and silver particles can be reduced at any position on the
surface although PVP exhibits strong bonding with silver. For 3-MTS, during the hydration
and condensation reaction of sol-gel reaction, the silanol group of 3-MTS tends to bind to the
TMOS matrix and form chemical bonding. During high temperature annealing, the thiol
group of 3-MTS will be fixed within the silica matrix to stabilize silver ions.?” Thus, some of

silver ions will be trapped within the matrix instead of moving to the pattern surface. Thus, at
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valley areas, most of silver ions will be trapped within the matrix instead diffusing to the
surface. On the other hand, small portion of silver ions will be trapped within thick films but
residual silver ions still diffuse to the protrusion areas with PEG. At the same time, PEG and
thiol group on the surface reduced silver ions and formed silver nanoparticles on the thick
films. The studies have shown the residual layers with thickness of several tens nanometers
may exist via micro-contact imprint method.” For example, AFM images show that the
thickness of the residual layers on our samples is around 30 nm. This residual polymer layer
usually decreases the selectivity of nanoparticles deposition, which could jeopardize the
function of devices. Thus, the distinct particle density between top and bottom areas of the
pattern was derived from the immobilization of thiol group and silver ions, and the distinct
silver particles array can be formed. To further demonstrate the selectivity of our deposition
method, the sample with 3-MTS was further heat treated in 1 M AgNO3 solution for 3 hours,
and its SEM images show that the patterned interconnected silver crystals appear only on the

sample surface (Figure 5.4).

For most dichromic device applications, the size of silver nanoparticles should be less
than 100 nm.* % In order to decrease the particles size and increase the density of particles
distribution, the samples are high temperature (400 <C - 600 <C) treated to remove the mobile
PEG. First, nucleation rate of nanoparticles was promoted at high temperature to increase
particles density. Second, removal of PEG decreases the diffusivity of silver ions and thus

controls the further growth of particles. The SEM images show the formation of silver
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nanoparticles on the nanocomposite pattern after 400 <C treatments (Figure 5.5a). The silver
nanoparticle with the average Feret’s diameter of 102 nm have been produced and distributed
on the top area of the patterns. The particles are mainly distributed on the top area with the
linear density of 3.36 um™. It is known that silver nitrate could decompose above 300 <C and
reduce to silver with the aid of radicals within sol-gel materials.?®* * Although PEG
decomposes above 200 <C, elimination of PEG at high temperature reduces the silver ion
diffusivity to the surface and the tendency to grow into larger particles. Thus, silver particles
tend to stabilize at small sizes instead of further growing into large particles. At the same
time, the Ostwald growth also happens when annealing temperature increases to 600 <C
(Figure 5.5b) and average Feret’s diameter increases to 128 nm with lower linear density of
2.63 um™. Thus, temperature could be used to control the size of silver nanoparticles and the

wavelength of the plasmon absorption for optical applications.

High temperature heat treatment requires costly equipment and energy consumption.
Also, high temperature treatment increases the diffusivity of the particles, which might
decrease the selectivity of particles deposition positions. Thus, the second method of low
temperature processes is introduced by selectively deposition Ag on the printed region of a
substrate. This is achieved by patterning a layer of reducing agent that initiates the deposition
of a metal from solution by means of electroless deposition (ELD). As an alternative to
vacuum deposition processes, ELD is a method for obtaining films of a variety of metals or

alloys on insulating substrates at low cost.3* This method uses metastable solutions



76

containing complex metal ions (as the source of the metal) and a reducing agent. When
immersing a substrate into an ELD solution, the reducing agent supplies the electrons for
converting the metal ions into the metal on the surface. In the present study, the ammonia
water has been utilized to form silver complex ions for mirror reaction® * known as Tollens’
reagent. Figure 5.6a shows the SEM images when adding ammonia water into sol-gel
nanocomposites where the silver nanoparticles are produced on the protrusion areas of the
pattern after 20 hours at room temperature. The nanoparticles are evenly distributed at the
protrusion area, indicating the evenly distributed thiol function groups on the surface. The
particles have an average size of 67 nm with a higher linear density of 5.65 um™. Comparing
to the pattern without 3-MTS, the nanoparticles show up at both the top and the bottom area
of the pattern, indicating losses the selectivity of distribution of silver nanoparticles (Figure
5.6b). The EDX spectrum indicates the formation of silver nanoparticles after ELD treatment
(Figure 5.7a). Also, UV-Vis spectroscopy of silver nanoparticles on the patterns reveals that
the maximum absorption appears at 454 nm (Figure 5.7b), which is corresponding to silver
nanoparticles of about 65 nm in diameter.>* At the same time, the samples with HNO;
showed no absorption peak indicating no silver formation (Figure 5.7b). Tollens' reagent is a
chemical reagent most commonly used to determine whether a carbonyl-containing
compound is an aldehyde or a ketone. The diamminesilver(l) complex form between silver
nitrate and ammonia water in the mixture is an oxidizing agent and is the essential reactant in
Tollens’ reagent.*> * The diamminesilver(l) complex oxidizes the hydroxyl group and form

an aldehyde and in the process is reduced to elemental silver and aqueous ammonia. In the
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case of using PEG as the solvent and reducing agent, the active hydroxyl sites for reduction
are remarkably decreased and diluted compared to conventional reducing agent, which
should be beneficial for a mild and controllable reducing reaction. On a thick film of pattern,
high densities of nanoparticles originate from higher concentration of diammine-silver,
which are later reduced and anchored on the surface thiol groups. Compared with the
samples without thiol group, the unanchored silver nanoparticles cause randomly distributed
particles. Thus, formation of complex ions using ammonia water and utilization of thiol
groups as nucleation sites both decrease the activation energy of silver reduction at low
temperature, where the selectivity is better than that on high temperature treated samples and
very few particles are present at the bottom area of the patterns. Though, the kinetics of
reduction reaction is slower, both higher selectivity of particle position and uniform particles

distribution provide better control for optical applications.

5.4 Conclusion

Versatile polymer-silica nanocomposites films made by microcontact imprint process
were utilized as the template to grow silver nanoparticles. The nanoparticles arrays were
formed at predetermined areas using thiol containing films. The silver nanoparticles size with
average size of 100 - 120 nm can be synthesized by high temperature decomposition. The 67
nm in diameter of silver nanoparticles with higher linear density can be produced at room

temperature by ELD. Both high selectivity and uniform distribution provide better control of
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nanoparticles arrays. The self-assembly method could be adapted for other metal systems and

produce promising nanoparticles arrays for future optical and sensory applications.
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Figure 5.1 Two different processes of producing patterned silver nanoparticles. (a) A PEG-sol
containing silver ion was casted on a glass substrate followed by imprint, drying, and heat treatment.
(b) A PEG-sol containing ammonia water either with or without 3-MTS was casted on a glass
substrate followed by imprint, drying, and room temperature silver deposition in a 1 M AgNO;
solution.

Substrate
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Figure 5.2 AFM images of patterned surface containing silver nanoparticles created from different

surfactant solutions by performing heat treatment at 160 <C for 3 hours. The surfactant solution for

each pattern contains (a) none, (b) PV

respectively. The average roughness at

P, and (c) 3-MTS,

different spots of each film pattern was summarized in (d).
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Figure 5.3 SEM images of patterned silver nanoparticles after heat-treating 3-MTS contained films at
160 <C are shown at (a) 2,500x and (b) 9,000x magnifications.

Figure 5.4 SEM images of patterned silver nanoparticles created by heat-treating 3-MTS contained
film for 3 hours at 160 T in 1 M AgNOs; solution. The images are shown at (1) 9,000x and (2)
40,000x.
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Figure 5.5 SEM images of patterned silver nanoparticles created by heat-treating 3-MTS contained
film for 2 hours at (a) 400 <C and (b) 600 <C. Both images are magnified at 10,000x.

Figure 5.6 SEM images of patterned silver nanoparticles that were prepared from patterned samples
of mixing PEG-sol and ammonia water (a) with and (b) without 3-MTS followed by 20 hours of room
temperature treatment in 1 M AgNO; solution.
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Figure 5.7 (a) EDX spectrum of silver nanoparticles. (b) UV-Vis spectrum of patterned silver
nanoparticles created by treating PEG-sol sample containing either ammonia water (solid line) or
nitric acid (dashed line) in 1 M AgNQO; solution at 25 <C for 20 hours.



Table 5.1 Particles distribution of different surfactant at various spots of the film.

Linear density Ratio
Samples )
at edge (1/pm) Pattern area : Residual layer
None 0.375 2.062
PVP 0.325 3.05

3-MTS 0.892 22.182
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Abstract

Hydroxyapatite-gelatin modified siloxane (GEMOSIL) nanocomposite was developed by
coating, kneading and hardening processes to provide formable scaffolding for alloplastic
graft applications. The present study aims to characterize scaffolding formability and
mechanical properties of GEMOSIL, and to test the in vitro and in vivo biocompatibility of
GEMOSIL. Buffer Solution initiated formable paste followed by the sol-gel reaction led to a
final hardened composite. Results showed the adequate coating of aminosilane, 11-19 wt%,
affected the cohesiveness of the powders and the final compressive strength (69 MPa) of the
composite. TGA and TEM results showed the effective aminosilane coating that preserves

hydroxyapatite-gelatin nanocrystals from damage. Both GEMOSIL with and without titania
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increased the mineralization of preosteoblasts in vitro. Only did titania additives revealed
good in vivo bone formation in rat calvarium defects. The scaffolding formability, due to
cohesive bonding among GEMOSIL particles, could be further refined to fulfill the

complicated scaffold processes.

6.1 Introduction

Critical size defect in bone represents a challenging problem and may require multiple-
phase surgery to achieve adequate reparation and function. Autografts have achieved various
degrees of success in treating bone defects. However, the autograft is limited by the donor
site. morbidity, prolonged rehabilitation, increased risk of deep infection and restricted
availability. Allografts might cause potential risks of transmitted diseases such as HIV or
contamination.' ? Thus, the development of synthetic biomaterials for alloplastic grafts is in

high demand.

Hydroxyapatite (HAp) is a calcium-containing biomaterial composed of chemical
elements similar to the mineral components in natural bone. The HAp possesses excellent
properties that are required for bone grafts such as great stiffness, biocompatibility, cell
affinity, and osteoconductivity.®® There are two methods for HAp synthesis: sintering (high
temperature) and precipitation (lower temperature). Because of lower surface activity,
scaffolding of HAp requires a stereo lithographic process followed by high temperature ( >

1250 <C) sintering, a procedure limiting its clinical applicability. Calcium phosphate cement
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(CPC) involves dissolution of amorphous calcium phosphate and phase transformation to
stabilized HAp precipitation. During the dissolution phase, CPC does not exhibit sufficient
plasticity to form a controllable porous scaffold although blending with porogens (e.g., salt

9, 10

particles” ® and paraffin microspheres” '°) was reported. Alternatives have used calcium-

alumina and magnesium-phosphate for 3D scaffolding.'" *2

Hydroxyapatite-gelatin (HAp-Gel) system was developed by Chang et al. in 2003 and
it has been proven with chemical binding between hydroxyapatite and gelatin molecule,
which mimics natural bone microstructure. The hydroxyapatite formed nanocrystal clusters
within gelatinous particulates in a colloid slurry at 38 <C. Various attempts have been made
to cross-link HAp-Gel slurry particles after dehydration and solidification.'* *> Among these,
siloxane cross-linker'® *” has been found to provide biocompatibility as biodegradable
scaffold for bone regeneration, and thus has attracted lots of attention recently. A sol-gel
process has been utilized by Ren et al. to synthesize porous gelatin-siloxane scaffolds for
bone tissue engineering.’® '° The biodegradable gelatin and the bioactive inorganic
components such as silanol group and calcium ions contribute to osteoconductivity. A
solution process mixing aminosilane, bis[3-(trimethoxysilyl)propyl]-ethylenediamine
(enTMOQOS) - a siloxane cross-linker, with HAp-Gel slurry combined with the salt leaching
technique has also been utilized for hydroxyapatite-gelatin modified siloxane (GEMOSIL)
scaffolding.?> * Although the pore morphology of scaffolds was well controlled, the

resultant scaffold was too brittle and contained inherent cracks. The solution process also
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took too long time to dehydrate because of excessive water. The contact angle measurements
(data not shown here) also indicate that the freeze-dried HAp-Gel powders possess specific
surface energy and reactivity in the ambient environment than the sintered hydroxyapatite
powder. This discovery raises the question whether such high reactivity could render a

powder process with robust formability to allow direct scaffolding at room temperature.

In the present study, we synthesized a GEMOSIL porous scaffold derived from a
formable paste by a new powder process consisting of coating, kneading and hardening. The
results showed that the gelatin content of HAp-Gel powder requires only minimal addition of
buffer solution, yielding adhesion among the particles. When incorporating enTMOS
coating, hydrogen bonding further enhanced the paste formability and finally HAp-Gel
nanocrystals were interwoven inside the aminosilica matrix after hardening. The new powder
process also allows the incorporation of TiO; to further improve osteoconductivity and bone
formation. We hypothesized that the amount of aminosilane determines the formability of the
paste and the strength of the final composite, and the presence of TiO, promotes osteogenic
response in vitro and in vivo. Therefore, the objective of the present study is to investigate the
effect of the enTMOS cross-linker on physical, mechanical, and surface chemical properties
of the nanocomposites. Cell viability and animal test for GEMOSIL with/without TiO,

addition were also studied.
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6.2 Materials and Methods
6.2.1 Materials

The stock slurry of hydroxyapatite-gelatin (HAp-Gel) was prepared by the
simultaneous titration method using peristaltic pumps (Masterflex, Cole-Parmer, USA), and a
pH controller (Bukert 8280 H, Germany).™ Briefly, a double jacket beaker served as the
reaction vessel. The temperature of the water bath was digitally controlled to within 0.1 <C.
The amount of Ca(OH), and H3PO, was calculated to make 10 g of HAp. A homogeneous
suspension that included Ca(OH), dispersed in 1.2 L of an aqueous H3PO, solution with a
measured amount of gelatin (Type A : From porcine skin, Sigma-Aldrich, St. Louis, MO,
USA) was gradually added to the reaction vessel through peristaltic pumps. After the
coprecipitation reaction, the total volume was adjusted to 2.6 L. The temperature and pH of
reaction solution in the vessel were maintained at 38 <C and 8.0, respectively. The amount of
gelatin in H3PO,4 aqueous solution was 5 g. The resulting slurries will be centrifuged at 5000
rpm under 4 <C for 30 minutes to remove excess water. The condensed HAp-Gel will be
freeze dried at -80 <C overnight followed by lyophilization until dry, followed by grinding
into fine particles. Bis[3-(trimethoxysilyl)propyl]-ethylenediamine (enTMOS) was purchased
from Gelest, Inc (Morrisville, PA, USA). Phosphate buffered saline (PH = 7.4) was obtained
from Sigma-Aldrich Co. and TiO, (Evonik Aeroxide® P25) powder was supplied by Evonik

Degussa Co. (Parsippany, NJ, USA) and used without further treatment.
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6.2.2 Sample preparation and conditions

A 400 mg of HAp-Gel powder was transferred into a mortar and grinded into fine
powder. The predetermined amount of enTMOS was added according to Table 6.1 and the
mixture was continuously blended for another 3 minutes to form GEMOSIL powder. This
GEMOSIL powder mixture appeared uniformly yellow color at this step and later was used
for TEM measurement. To convert the mixture into GEMOSIL paste, 640 L of phosphate
buffer saline (PBS, 1X) was added to the GEMOSIL powder. After mixing for 2 minutes,
another 160 L of PBS was added into mixture followed by kneading for 2 minutes until the
sample showed plasticity. At this state, GEMOSIL appeared as paste and was pressed with a
mold to create round shape disc samples and cylindrical shape samples. All samples were
solidified within an hour. The amount of enTMOS (95% concentration) used was 48, 96 and
144 |, equivalent to 10.6, 19.2, 26.3 weight percentage. Sample notations were coded as
GEMOSIL-11, GEMOSIL-19 and GEMOSIL-26 respectively, based on the enTMOS
content (Table 6.1). The samples without enTMOS were also made for comparison (coded as
HAp-Gel-PBS). For samples that contained TiO,, the same procedure was followed except
that a 38 mg of P25 powder was added prior to the mixing with enTMQOS; and notation was
coded as GEMOSIL-19-P25. All five groups of samples were used in the following

experiments except for cell culture testing.
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6.2.3 Mechanical testing

The mechanical testing consisted of compressive and Vickers hardness tests. After
drying the samples under ambient environment for 5 days, the cylindrical shape samples with
a 1 : 2 ratio of diameter (3.5 mm) to length (7.0 mm) were prepared for compressive test.
The round disc samples for hardness testing were polished with the sand paper of grid sizes
600 and 1200 before measurement. Compressive testing was performed on an Instron 4204
(Canton, MA, USA) compression tester with a testing rate of 0.5 mm/min. Testworks 4
software (MTS. Inc) was used to analyze the data and the compressive strength was
determined from the maximum strength value on the stress-strain curve. The hardness value
was measured by Buehler Micrometll (Lake Bluff, IL, USA) Vickers hardness tester using
50 g constant load at a loading time of 15 sec. The measurement was performed every 24
hours in the period of 168 hours (7 days). The testing results were analyzed by one-way
ANOVA and followed by Tukey HDS comparison among the material groups. IBM SPSS

statistics 19 (SPSS Inc., Chicago, IL, US) was used for all statistical analysis.

6.2.4 Contact angle testing

The disk samples were dried under ambient environment for 5 days. The contact angle
was measured using conventional contact angle instrument (200-F1, Rame-Hart Instrument
Co., Succasunna, NJ, US) by placing a disc shape sample onto a platform underneath a water
syringe and in front of a CCD camera. Droplmage 2.4.04 software (Rame-Hart Instrument

Co.) was used for measurements and the images of the droplet were taken when each water
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droplet stabilized and remained symmetrical on the disc surface. The contact angle was
measured from the digital photo with image analysis software. Each measurement was

repeated two times.

6.2.5 Thermogravimetric analyzer (TGA) testing

GEMOSIL samples of various amounts of enTMOS (Table 6.1) were synthesized,
cured in the air, and grinded into powders. Each 10 mg of powder was placed on a platinum
sample holder, and the sample holder was loaded inside the Q-500 thermogravimetric
analyzer (TA Instrument, New Castle, DE, US). Q Series 2.5 software (TA Instrument) was
used for data analysis. The TGA test was performed from 30 <C to 800 <C with a heating rate
of 5 <T/min. Weight changes were recorded versus temperature. The weight percentage of
individual components (H,O, gelatin, HAp, Silica) in each sample was estimated from the

TGA data.

6.2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed on a JEOL 2010F using an
accelerated voltage of 200 kV. To prepare samples suitable for TEM observation, sample
was prepared by dispersing enTMOS-treated GEMOSIL powder in methanol and sonicating
for 20 minutes. Then, formvar/carbon-coated TEM grids were immersed in the mixture

solution followed by drying at room temperature.
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6.2.7 Cell culture testing

The GEMOSIL-19 was chosen, based on the result of mechanical tests, to further study
its influence on preosteoblast proliferation and differentiation. Three experimental groups of
materials were investigated, including GEMOSIL-19, GEMOSIL-19-P25, and dishes as
received without coating (control). Preosteoblasts, MC3T3-E1, were cultured in 96-well
plates (Falcon, Becton, Dickinson Labware, Frankin Lakes, NJ, USA) in which all wells
were coated with the specified material. Cells were seeded at a density of 1x10* per milliliter
using a-MEM medium supplemented with 10% of FBS and 1% penicillin/streptomycin
under 37 <C, 5% CO, atmosphere. Cellular metabolic activity was determined with MTS
colorimetric assay at day 1, 4, 7, 10 and 13 according to the manufacturer’s instructions
(CellTiter96; Promega, Madison, WI, USA). Briefly, 20 L of MTS reagent was added to the
cells in 96 well plates at the end of the designed cultivation period and incubated for 1 hour
at 37 <C. Colored formazan products were quantified by measuring absorbance at 490 nm
(plate reader). The average background (medium plus MTS without cells) was subtracted
from the absorbance values of experimental groups for normalization purposes. The resultant
optical densities were quantified to assess cell proliferation for each group. Three samples

were tested with triplicate at each time point for each group.

Assessment for cell differentiation on the material was performed using the Alizarin
Red as a calcium mineralization stain. Three groups including GEMOSIL-19 coated,

GEMOSIL-19-P25 coated and uncoated (as received) 35 mm Petri dishes were used for
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differentiation studies. The same groups without cell seeding were used as control for
quantification analysis. A total of 3.2 %< 10° MC3T3-E1 cells were seeded onto the dish and
pre-cultured for 3 days to reach confluence using the above same growth medium and
conditions. After three days, the differentiation medium was supplemented with 10 mM B-
glycerophosphate and 0.2 mM ascorbic acid and cultured for 14 days. Visual indication for
calcification was achieved by Alizarin Red (Acros Organics, Geel, Belgium) staining using
manufacturer’s protocol.?? The quantification results of mineralization characteristics were
derived from color differences () by CIELAB method. Optical color measurement, CIELAB
(the Commission Internationale de I'Eclairage) tristimulus values, was based on the principle
of light transmission which is wavelength-dependent. Given an externally applied
illuminating light to the stain, the detectable color spectrum was used as signals to
differentiate and analyze the degree of mineralization. The dish colors of the digital images
were converted to CIELAB tristimulus values for each image pixel. The tristimulus values
of ten evenly distributed points from each dish were calculated relative to the Commission
Internationale de I'Eclairage (CIE). The characteristic values and standard deviations for L,
a*, and b* were calculated using the Photoshop software (Adobe System Inc., CA). For each
material group, a formula to calculate the mineralization's characteristics was a color
difference between the with and the without cell dishes, 8 = ((L-Lo)*+(a*-a*) 2+(b*-b*0)2)1/2
where (L, a*, b*) and (Lo, a*,, b*,) were tristimulus values for the having cell and non-cell

dish, respectively. The mean 6 were compared among three groups using one way ANOVA
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and Tukey-Kramer’s HSD. IBM SPSS Statistics 19 (SPSS Inc., Chicago, IL, US) was used

for all statistical analysis.

6.2.8 Bone regeneration in rat calvarium defects

GEMOSIL-19 and GEMOSIL-19-P25 porous scaffolds with bases were implanted in
8mm critical-size defects (CSD) in rat calvaria. The craniofacial defect consisted of an 8mm-
diameter calvaria critical-size defect, which has previously been described.?® Briefly, 11- to
13-week-old Sprague-Dawley rats (Charles River, Wilmington, MA) were anesthetized and
an 8-mm-diameter defect was created on the calvaria bone using a dental trephine drill. Three
rats were used for each material. Animals were euthanized either at 8 weeks after surgery,
calvaria specimens were retrieved and fixed in 10% formalin for 7 days and then transferred
to isopropanol 70% for non-decalcified sectioning. The tissue sections were stained with
Stevenel’s Blue and Van Gieson to assess the formation of newly formed bone (NFB) tissue.
All procedures were compliant with the animal care regulation at University of North

Carolina - Chapel Hill (IACUCQ09-270.0-B).

6.3 Results

The formable GEMOSIL paste is illustrated in Figure 6.1a. This plastic property would
be ideal for making complicated scaffold geometries as well as injectable scaffolding (Figure
6.1b). The final composites appear white or yellowish depending on the amount of enTMOS

and TiO, additive. The compressive strength (Figure 6.2) varies significantly with the
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amount of enTMOS (p < 0.01). The strength increases as enTMOS increases and reaches a
maximum when enTMOS amount is about 10.6 ~ 19.2 wt% without apparent difference in
the compressive strength according to Tukey HDS test. However, adding TiO; lowered the

strength by 20% when compared to the sample without it.

One way ANOVA showed that Vickers hardness (HV) (Figure 6.3) of the composite
increased significantly with enTMOS (p < 0.01). The value of HV reached the maximum
when sample contained 26.3 wt% of enTMOS. Compared to the aminosilane treated samples,
the untreated samples were more susceptible to fracture and had lower hardness. By adding
TiO,, the surface hardness increased 5% compared to the sample without TiO, due to the
high modulus of TiO, particles. The hardness value increased over time and reached a
maximum after 120 hours, which indicates that the complete hardening time would be 5

days.

According to TGA measurements, the absorbed water inside the GEMOSIL solid could
not be removed completely until 200 <T** (Figure 6.4). The data revealed that slightly more
water was trapped in GEMOSIL than in HAp-Gel-PBS sample. The HAp-Gel-PBS samples
showed three distinct weight drops, contributing to the degradation of gelatin.> The
GEMOSIL sample showed similar TGA pattern when compared to HAp-Gel-PBS sample,
except for the final degradation region between 400 <C - 500 <C, which was attributed to the

degradation of aminosilica. The weight reduction increased as the amount of aminosilica
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increased; this was due to the decomposition of hydrocarbon on aminosilica molecules. The
amount of aminosilica after setting was derived by TGA results and Figure 6.5 compares the
theoretical weight percentage of aminosilica to that of the actual content in the final
composite. The discrepancy between the theoretical and actual contents suggests that there
was aminosilica remained in nanocomposites at 800 <C and the residual component increased
as the aminosilica amount increased. The remaining weight was contributed by silica and

HAp phases after 800 <C.

The TEM images were obtained for GEMOSIL-11 (Figure 6.6a) and GEMOSIL-19
(Figure 6.6b) samples after enTMOS treatment. The needle shape structures represent the
typical HAp-Gel nanocrystals derived from the precipitation process."® The TEM images also
confirmed the integrity of HAp-Gel nanocrystals where the needle shape crystals are
embedded inside the matrix without damage. This result indicates the new dry grinding
process used to apply enTMOS coating preserves the structure of HAp-Gel nanocrystals.
However, the GEMOSIL-11 sample shows more distinct needle shape nanocrystals, which

might be due to the different amount of enTMOS coating.

There is no obvious difference in the contact angle measurements between HAp-Gel-
PBS and GEMOSIL samples (Figure 6.7). The enTMOS did not change the hydrophilic
properties of the composites. However, the addition of the TiO, increased the contact angle

by 10 degrees, indicating a decrease of hydrophilicity on the material surface, which might
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affect cell adhesion.? The cell growth (proliferation) curves showed no differences over time
between the GEMOSIL-19-P25 dish and the positive control (Figure 6.8). The cell growth on
the GEMOSIL-19 had the lowest growing rate among three groups. However, Alizarin red
stain showed the equal ability of preosteoblasts to mineralize at day 14 on both the

GEMOSIL and the GEMOSIL-19-P25 superior to the control (Figure 6.9).

For the calvarium defect study, both GEMOSIL-19 and GEMOSIL-19-P25 revealed
new bone formation 8weeks after implantation. GEMOSIL-19-P25 (red arrows in Figure
6.10b) had more areas and thicker islands (50-300 um diameter) of bone formation within the
pore space than GEMOSIL-19 (red arrows in Figure 6.10a), suggesting that titania additives
could increase in vivo bone in-growth on the HAp-Gel biomaterial surfaces. GEMOSIL-19

resulted in thin (15-35 um) and network-like bone nodules.

6.4 Discussion

The cohesive strength of the powder depends upon interparticular interactions such as
electrostatic forces, van der Waals force, hydrogen bonding, and steric hindrance. Gelatin is
known to possess polyampholytic and polyelectrolytic properties due to its intrinsic protein
composition.?” ? The carboxylic and amino groups of gelatin may absorb water molecular
and cause swelling.?® The swelling of gelatin maintains water content and hydrogen bonding
within GEMOSIL paste providing lubrication for molecular movement, which contributes to

materials’ formability. Simultaneously, these functional groups also form hydrogen bonds
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with silanol group of aminosilica?"*°

to provide additional cohesive strength of formability.
The siloxane has been shown to form hydrogen bonding with hydroxyapatite,®* which also
provides additional cohesive strength. This synergetic effect between biological and mineral
components contributed to the formable plasticity of the GEMOSIL paste. The hydrogen
bonding provided weak bonding force and allowed short distance sliding between the HAp-
Gel particles, which resulted in formable properties.** ** The paste could be packed into a
syringe and extruded without creeping overtime, and the final porous scaffolding (Figure

6.1b) suggests that the present processes are capable of achieving acceptable moldable

property, which would be suitable for complex geometry scaffolding.

The residual water in GEMOSIL samples was more than that of HAp-Gel-PBS sample,
which indicates the stronger hydrogen bonding within GEMOSIL nanocomposites causing
excessive water absorption.>* This strong hydrogen bonding is critical to the plasticity and
processibility of the material. The gelatin degradation temperature was 420 <C in HAp-Gel
and shifted to higher temperature when enTMOS content increased, which proved the
presence of chemical bonding between HAp-Gel and enTMOS. It is interesting to note on
Figure 6.5 that the percentage of the decomposed aminosilica from the TGA calculation
decreased with the increase of enTMOS coating in the composite, which indicates the alkyl
side groups did not decompose completely. This result may be due to that the alkyl side
groups inside a highly cross-linked silica phase did not fully react with oxygen. The TEM

images of GEMOSIL-11 (Figure 6.6a) and GEMOSIL-19 (Figure 6.6b) appeared to confirm
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that the aminosilica layer preserved the structure of HAp-Gel nanocrystals from damage
during the coating process. This coating process by dry grinding method was also effective as

evidenced that 8~16 wt% aminosilica was quantified via TGA data.

Besides the formability, siloxane also provided the effective cross-linkage for HAp-Gel
within nanocomposites. Siloxane has been considered as potentially effective cross-linking
agent due to their interaction with some poly-amino acids and proteins via both electrostatic
forces and hydrogen bondings.®> * Gelatin consists of various amounts of aminoacids,
including glycine, proline and hydroxyproline.®’ It would be expected that these amino acid
contained in its structure could form the hydrogen bonding with silanol groups. In our
previous FTIR study,? the bands at 1647 cm™ in the spectra corresponded to the gelatin’s
amide | band due to CO stretching. The results showed a red shift in amide | band to the
lower wavenumber indicating the hydrogen bonding of the CO in gelatin to the silanol
hydrogen.® These interactions could be used to induce physical cross-linkage.*® *° The
formation of the continuous aminosilica phases within GEMOSIL nanocomposites relies on
the cross-linkage of the enTMOS. This sol-gel reaction consists of hydrolysis and
condensation reactions. First, enTMOS reacted with water and replaced methoxy (Me) group
by hydroxyl (OH) group with methanol release attributed to hydrolysis reaction (Eg.1). Then,
the two hydrolyzed molecules can link together in a condensation reaction to form a siloxane

bond (Eq.2).
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Si(OMe), + 4 H,0 = Si(OH), + 4 MeOH (1)

Si(OH), — Si0, + 2H,0 (2)

The compression data confirmed our hypothesis that there exists an optimal range of
enTMOS for GEMOSIL nanocomposites. Both the high and low amount of enTMOS
reduces the strength of the composite. In theory, HAp-Gel particles do not form strong
aggregates when there are insufficient enTMOS binders. The HAp-Gel-PBS sample without
enTMOS showed a low compressive strength. On the contrary, high amount of binder could
leave a thick, porous silica layers between the particles, which are prone to fracture. The
redundant coating increases the amount of nanoporous, brittle glassy phases between HAp-
Gel particles and, therefore, increase the chance for crack nucleation and propagation, which
decrease the mechanical properties of composite materials.*" *> The increased volume of
brittle silica phase due to thicker coating among HAp-Gel particles were also confirmed by
TGA results. The enTMOS coating provides strong intermolecular force for the
nanocomposites and hence increases the surface hardness. The hardness test was performed
to measure the resistance to permanent shape change when a force applied to assess the
intermolecular bonds within composite materials.*® The data showed that hardness increases
with the amount of enTMOS. This coupling agent is primarily used to enhance the bonding
among particles and between different phases within composite materials. The amount of
coupling agent has a great influence on the micro structure and strength of the composites.**

*® The hardness value also increased throughout the aging process (up to 120 hours), which is
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attributed to the complete condensation reaction within the gel that further enhances the

network structure and mechanical properties of the nanocomposites.

From these remarks, a model (coating, kneading and hardening) can be proposed to
explain the setting mechanism, as illustrated in Figure 6.11. Coating stage: The coating layer
of enTMOS was proven by detecting the chemical bonding formation between different
phases of compounds.?* At this point, hydrogen bonds and Si-O-P bonding began to form at
the interface between the thin enTMOS coating and HAp-Gel particles. In this stage, the
particles did not aggregate together because there was not enough water to induce sol-gel
reactions. Kneading stage: After adding PBS and performing kneading process, water
molecules filled in the gaps between enTMOS and HAp-Gel, forming hydrogen bonds
within/between phases. In the same time, the excessive water also induced the hydrolysis and
condensation reactions of enTMOS, making paste less formable over time. The processing
window (working time) for formable plasticity properties was around five minutes.
Hardening stage: At the end of working time, hardness increased due to the formation of
silica phase. This formation of the solid matrix was the result of the condensation reaction.
The silica phase was believed to be nanoporous structure that contained water and held the
structure together. During hardening, condensation reaction continued to occur and further
strengthened the silica phase, which increased the overall strength of the final sol-gel
materials.*® Further drying eliminated the water inside the pore structures and condensed the

silica phases into rigid monoliths. The present dry powder approach shortened the processing
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time for samples and scaffold fabrications. The drying process lasted for twelve hours until
the weight stopped changing, which was relatively short compared to the previous solution
method.?* In summary, at the completion of sol-gel reaction, enTMOS served as binder and

matrix for the HAp-Gel particles and formed rigid nanocomposites.

TiO, appeared to enhance osteogenesis by affecting both proliferation and
differentiation of preosteoblasts. The color analysis was directed towards performing stain
intensity and wave analysis of photon signals generated by the transmission light, quantifying
the signals and correlating the sources with microstructural parameters, e.g., sizes and
numbers of mineral nodules. The CIELAB color system provided an orthogonal, three-
dimensional space in which color is defined by three coordinates: lightness (L), red-green
(a*), and yellow-blue (b*). The uniform color space provided by the CIELAB system had the
property that a perceived difference, defined as , between colors is quantitatively the same
in all its areas.*’ It appeared the mineralization (ability of biomaterials to promote cell

differentiation) of three groups was distinguishable using quantitative 6 values.

The in vivo data further confirmed the in vitro outcomes. Our data were consistent with
those of previous studies suggesting that TiO, could enhance the biocompatibility of
bioceramics because TiO; increased calcium ion interactions, promoted protein and cell
adhesion, and differentiation and mineralization of preosteoblasts.*® *° Hydrophobic

adsorption has been considered as one of the most important mechanisms for protein
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adsorption. Several studies have shown the similar results that the quantity of proteins
adsorbed is higher on the more hydrophobic surface.”® >' Besides stable adsorption of
protein, the protein must retain its configuration to react with receptors for cell attachment.
Topoglidis and coworkers have found stable immobilisation of various proteins on TiO; film
with a high binding stability and no detectable denaturation.>* Also, the molecular dynamic
simulation showed denaturation of BMP-2 induced by adsorption was not observed at the
initial stage of adsorption.”® These proteins can facilitate the attachment of various cells such
as osteoblasts that can stimulate bone repairs. Thus, relative hydrophobic GEMOSIL-19-P25
suggested that there might be more proteins absorbed onto the material surfaces.
Sequentially, more MC3T3-E1 cells adhered to the material surface and facilitate cellular
proliferation and differentiation. Histological data proved that newly formed bone was
abundant and seamlessly adhered to the GEMOSIL-19-P25 surface more than GEMOSIL-19,
suggesting that TiO, might prepone host marrow stromal cells to osteogenic path. The
formation of the harvasian system suggested that an intramembranous bone formation may
be associated with the TiO, additives. Future investigation assessing gene expression may
provide necessary information for its biological mechanism. The compressive results implied
that TiO, might decrease efficacy of enTMOS cross-linker. It is, however, a trade off by

using TiO, to promote biological properties of the GEMOSIL scaffold.



109

6.5 Conclusion

The present study reports a new method of scaffolding made of hydroxyapatite-gelatin
and aminosilane nanocomposites. The moldable properties of GEMOSIL owing to inherent
gelatin’s and aminosilane’s bonding interaction would be favored for complicated
scaffolding. In particular, the aminosilane binder affects final mechanical strength of the
scaffold in a non-linear mater, with optimal concentration being 11-19 wt%. The process also
allowed the addition of TiO, to enhance osteoconductivity of MC3T3-E1 preosteoblasts and
in vivo bone formation. In summary, the new GEMOSIL nanocomposites could provide
opportunities of easy handling, sturdy materials, and direct scaffolding for potential tissue

engineering applications.
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Figure 6.1 GEMOSIL paste for direct scaffolding. Formable GEMOSIL paste can be molded into a
(2) cube by hand and injected to form a (b) porous scaffold.
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Figure 6.2 The compressive strength of GEMOSIL nanocomposites. The optimal compressive
strengths of GEMOSIL nanocomposites are observed when enTMOS percentage is between 11 wt%
and 19 wt%. Decrease of strength due to TiO, (GEMOSIL-19-P25) is not statistically significant (p =
0.25).
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Figure 6.3 Vickers hardness (HV) of GEMOSIL nanocomposites. HV increases with the amount of
enTMOS (p < 0.01) and the aging time. HV reaches the maximum when sample contains 26.3 wt% of

enTMOS.
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Figure 6.4 TGA analysis of GEMOSIL nanocomposites. Distinct weight drop patterns are attributed
to the elimination of water, gelatin, and alkyl side groups.
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Figure 6.5 Theoretical predictions and experimentally measured weight percentages of aminosilica in
GEMOSIL samples. The discrepancy between the two measures suggests that there exists residual
aminosilica in the nanocomposites after 800 T treatment and residuals increase with aminosilica
amount.

Figure 6.6 TEM images of (a) GEMOSIL-11 at 100 kx (inset at 200 kx) and (b) GEMOSIL-19 at 100
kx (inset at 200 kx) samples taken from the mixing step. Results confirm the integrity of the HAp-Gel
nanocrystals where the needle shape crystals are embedded inside the matrix without damage.
However, the GEMOSIL-11 sample shows more distinct needle shape crystals than GEMOSIL-19
sample, which is due to the lower amount of enTMQOS coating layer.
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Figure 6.7 Contact angles measurements show no obvious difference between HAp-Gel-PBS and
GEMOSIL samples. However, the addition of the TiO, (GEMOSIL-19-P25) increases the contact

angle by about 10 degrees.
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Figure 6.8 The growth curve of preosteoblasts, MC3T3-E1, was measured by formazan absorbance
using CellTiter kits (Promega, Madison). There were significant differences among groups over time
(1,4, 7,10 and 13 days) (p <0.05).
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Figure 6.9 Alizarin red stain for MC3T3-E1 at the differentiation day 14 shows mineral nodules red
for the (a) control. Both (b) GEMOSIL-19 and (c) GEMOSIL-19-P25 show abundant mineral stains
covering the entire culture surface. (d) Quantification results of mineralization characteristics of
control, GEMOSIL-19 and GEMOSIL-19-P25 derived from color differences (3) by CIELAB method.
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Figure 6.10 The rat calvarium defect study shows the new bone formation 8 weeks after implantation
of the (a) GEMOSIL-19 and (b) GEMOSIL-19-P25.

Figure 6.11 Setting mechanism for the GEMOSIL scaffold. (a) coating : hydrogen and chemical
bonding begin to form between the thin enTMOS coating and HAp-Gel particles, (b) kneading : The
hydrogen bonding provides the weak bonding and allowed short distance sliding among the HAp-Gel
particles, which results in shapeable paste type. properties and (c,d) hardening : solidification and
particle packing start due to the gelation reaction and become strong monolith after aging and drying.



Table 6.1 Composition of GEMOSIL nanocomposites

Sample Notation code HAp-Gel (mg) enTMOS (L) PBS (L) P25 (mg)
1 HAp-Gel-PBS 400 0 800 0
2 GEMOSIL-11 400 48 800 0
3 GEMOSIL-19 400 96 800 0
4 GEMOSIL-26 400 144 800 0
5 GEMOSIL-19-P25 400 96 800 38

123
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In-situ Hybridization of Calcium Silicate and Hydroxyapatite-Gelatin
Nanocomposite Enhances Physical Properties and In Vitro Osteogenesis

Chi-Kai Chiu', Dong-Joon Lee?, Tzy-Jiun M. Luo?, Li Zhang??,
Feng-Chang Lin*, Ching-Chang Ko*®

1. Department of Materials Science and Engineering, EBI 3002, North Carolina State
University, Raleigh, NC 27606, US

2. Oral Biology Program, School of Dentistry, University of North Carolina, CB #7454,
Chapel Hill, NC 27599, US

3. Faculty of Stomatology, Capital Medical University, Beijing, China

Department of Biostatistics, University of North Carolina, Chapel Hill, US

5. Department of Orthodontics, School of Dentistry, University of North Carolina, CB
#7454, Chapel Hill, NC 27599, US

&

Abstract

We demonstrate a new GEMOSIL-calcium silicate (GEMOSIL-CS) nanocomposites using
in-situ formation of calcium silicate through a interfacial interactions between gelatin, silica
and Ca(OH),. The study aims to examine the formation and reinforcement mechanism of
GEMOSIL-CS, and to test the in vitro biocompatible and osteogenic properties. The setting
time can be adjusted between 3 to 6 minutes and it can be set at ambient or within PBS
solution. The formation of calcium silicate phase is evaluated by FTIR and XRD
measurements. The interfacial bindings within nanocomposites are studied by FTIR and
TGA. Both gelatin and calcium silicate have been found critical to the structure integrity and

mechanical strength. Cell viability is assessed by proliferation assay, while ultrastructural
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evaluation was investigated by SEM and TEM. Osteogenic differentiation is evaluated by
observing type | collagen secretion and mineralized nodule formation. The major advantages
of this present approach are that it is simple, fast setting, low cost, and has potential to
incorporate bioactive molecules, such as growth factors for clinical tissue engineering

applications.

7.1 Introduction

Bone substitutes (alloplastic grafts) have been widely studied to overcome the
limitations associated with autografts and allografts, such as donor site complications and
immune rejections. However, most of alloplastic grafts lack cellular stimulation and not
osteoconductive. A new alternative of bone augmentation procedure is to use tissue
engineering approach that applies synthetic scaffold-cell constructs for in situ tissue
formation.™™ Ideal synthetic scaffolds must fulfill the following criteria®®: 1. Biocompatable
and osteoconductive properties to stimulate bone growth. 2. Temporary mechanical support
at defect areas. 3. Suitable degradation rate to match bone growth. 4. Porous structure to
allow cell penetration and bone in-growth. Today, materials developed for tissue engineering
scaffolds include polymers, calcium containing ceramics, and hybrid of polymers and

ceramics.

Polymer scaffolds including natural and synthetic polymers such as polysaccharides,

collagen, poly(a-hydroxy ester) and hydrogels have been studied for tissue engineering
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applications.” ® Among these, biodegradable polyester such as poly(lactic-co-glycolic acid)
(PLGA) and Poly-I-lactide acid (PLLA) are the most commonly used materials because they
are FDA-approved suture materials for medical uses. In addition, these polymers are suitable
for scaffolding by various methods such as phase separation, leaching and casting methods.
Also, the biodegradation rate can be adjusted by the compositions and crystallinity of the
polymer to match the bone remodeling rate. However, the modulus (1.2 - 3.0 GPa)® *° of
these polymers are about 6-10 times lower than the cortical bones (12 - 18 GPa),** which

greatly limits their clinical applications for bone tissue engineering.

Calcium-containing biomaterials, such as hydroxyapatite (HAp) and calcium silicate
(CS), are composed of chemical elements similar to the inorganic components in natural
bones. The HAp has shown to possess great stiffness, mechanical strength, excellent
biocompatibility, cell affinity, and osteoconductivit.*> * It has been utilized as space filler
and replacement as bone graft. However, the requirement of high temperature ( > 1250 <C)
processing and poor resorption ability hinder its clinical applicability. Recently, a calcium
silicate (CS) based bone graft has been developed with compressive strength within the
cortical bones range.'* Besides mechanical properties, calcium silicate based materials have
been found to foster osteoblast adhesion, growth, and differentiation due to the release of the
calcium ions.™ *® However, the previously reported formation of calcium silicate was based
on solution-precipitation of pre-sintered calcium silicate particles that were synthesized using

high temperature annealing process at 600 - 1000 <C, which decreases degradability of CS
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phases.” '® Annealing process also precludes the possibility of incorporating polymeric

phase, such as collagen and growth factors.

Although polymers usually exhibit low strength and stiffness, they have been used to
toughen the inherent brittle calcium-containing ceramics. The hybrid material with nanoscale
bioceramics embedded within polymer matrix, mimicking bone structures, is expected to
provide better osteogenic properties and resorption than the ceramics without polymers.
Among all, the deposition of HAp minerals on natural collagen/gelatin phases provides the
most similar structures comparing to natural bones. Thus, the HAp-Collagen'® % and HAp-
Gelatin (HAp-Gel)?*?® systems that nucleate HAp nanocrystals onto amino-acid residues
have been studied in the past decade. HAp-Gel particles possess higher surface tension and
greater hydrophilicity than the pure HAp particles; these intrinsic properties rendered
improved manipulation and mechanical properties of the HAp-Gel composites, superior to
the HAp composites. The studies suggested that the presence of gelatin improves up to three
times of the flexural and compressive strength of the bioceramics due to the strong bonding
formation between minerals and gelatins.?* % In addition, deposition of HAp nanoapatites on
gelatin molecules imitating microstructures of real bones has shown to provide in vivo

resorptive capability superior to the pure HAp.** %

In our previous study, the aminosilane (enTMOS) served as an effective cross-linker for

HAp-Gel modified siloxane (GEMOSIL) nanocompsoites.?’ The room temperature
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processes, including coating, kneading and hardening, form formable paste to create a porous
scaffold for bone graft applications. The simple synthesis method not only preserves the
nanocrystal structure of HAp-Gel and more importantly, its biocompatibility. The in vitro
studies showed that the cells proliferate and differentiate on the nanocomposites. The in vivo
results showed the bone growth around the GEMOSIL nanocomposites further demonstrating
its biocompatibility to animals. However, slow setting process and low mechanical properties

were the drawbacks for clinical uses.

Recently, in-situ formation of calcium silicate hydrate from calcium hydroxide and
silica particles has been shown to reinforce the mechanical properties of Portland cement.?®
2 This pozzolanic reaction occurred during the hydration process at room temperature to
produce strong calcium silicate hydrate. In addition to osteogenic properties of calcium
silicate, we hypothesize the GEMSOIL could be reinforced in conjunction with in-situ
formation of calcium silicate at low temperature for synthesizing mechanical strong and
bioactive scaffolds. To the best of our knowledge, in-situ formation of calcium silicate as
reinforced phases within biomimetic HAp-Gel systems has been rarely studied. Here we
prepared novel GEMOSIL-calcium silicate (GEMOSIL-CS) nanocomposites using in-situ
formation of calcium silicate through strong interfacial interactions between Gelatin, silica,
and Ca(OH),. Effects of calcium hydroxide amounts on both the mechanical properties and
microstructures of the bio-inspired composites were studied. Additionally, the osteogenic

properties of the composites were evaluated by culturing MC3T3-E1 preosteoblasts. The
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study demonstrates that the GEMOSIL-CS composites can be self-hardening within aqueous
environment, providing the simple, fast and low cost method to produce a porous scaffold.
Most importantly, additional calcium ions provide the degradation and bioactive properties

for GEMOSIL-CS composites that can be utilized for tissue engineering applications.

7.2 Materials and Methods
7.2.1 Materials

Hydroxyapatite-gelatin  (HAp-Gel) slurry was prepared according to the co-
precipitation method®!. The HAp-Gel slurries were centrifuged at 5000 rpm under 4 <C for
30 minutes to remove excess water. The condensed HAp-Gel was freeze dried at -80 C
overnight followed by lyophilization until dry to form HAp-Gel powder. The Ca(OH), was
derived by hydration of CaO calcined.*® Bis[3-(trimethoxysilyl)-propyl]ethylenediamine
(enTMOS) was purchased from Gelest, Inc (Morrisville, PA, USA). Pure hydroxyapatite
(HAp) powder and Phosphate buffered saline (PH = 7.4) was obtained from Sigma-Aldrich

Co. and used without further treatment.

7.2.2 Synthesis of GEMOSIL-CS samples

A 100 mg of HAp-Gel/HAp powder was transferred into a mortar and grinded into fine
powder. The predetermined amount of calcium hydroxide powder was added into the mortar
and mixed with HAp-Gel powder for 2 minutes. The predetermined amount of enTMOS was

added according to Table 7.1 and the mixture was continuously blended for 30 seconds.
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Then, 48 P calcium chloride solution (1 M in phosphate buffer saline, PBS 1X) was added
to the mixture to initiate sol gel reaction. At this state, the mixture became viscous and was
pressed into a mold to create cylindrical-shaped samples. All samples hardened within 6
minutes. Each sample was coded according to its composition, based on the content of
calcium hydroxide and enTMOS (Table 7.1). The samples without calcium hydroxide were

also made for comparison (coded as GEMOSIL).

7.2.3 Compressive testing

The cylindrical samples with a 1 : 2 ratio of diameter (3.5 mm) to length (7.0 mm) were
prepared for compressive test at two conditions. The samples after mixing were (1) immersed
in PBS solution at 37 <C for 2 hours and (2) aged (no PBS) at 37 <C oven for 48 hours.
Compressive testing was performed on an Instron machine (model 4204, Canton, MA, USA)
with the cross-head speed of 0.5 mm/min. The compressive strength was determined from
the maximum strength value on the stress-strain curve. Five samples for each group were
used in the compressive testing. The testing results were analyzed by one-way ANOVA and

followed by Tukey HDS comparison among each groups.

7.2.4 Thermogravimetric analyzer (TGA) testing
The samples with various compositions (Table 7.1) were synthesized, hardened in the
air, and grinded into powders. Each 10 mg of powder was placed on a platinum sample

holder, and the sample holder was loaded inside the TA Instruments thermogravimetric
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analyzer Q-500 (TA Instrument, New Castle, DE, US). The TGA test was performed from 30
T to 800 < with a heating rate of 5 <T/min. Weight changes were recorded versus

temperature.

7.2.5 Fourier transform infrared spectroscopy (FTIR)

The samples with various compositions (Table 7.1) were synthesized, hardened in the
air, and grinded into powders for FTIR measurements. The chemical interaction and
functional groups within nanocomposites were analyzed using the Thermo Scientific Nicolet

670 FTIR (Waltham, MA, USA).

7.2.6 Proliferation assay

The GEMOSIL-CS2 was chosen, based on the result of compressive tests, to further
study its influence on preosteoblast proliferation and differentiation. Three experimental
groups of materials were investigated, including GEMOSIL-CS2, GEMOSIL, and dishes as
received without coating (control). After 1, 3, 5, and 7 days in culture, 40 L of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium  salt
(MTYS) reagent (Promega, Madison, WI, USA) was added to each dish containing 400 pi of
Alpha Minimal Essential Media (a-MEM) , and the dish was incubated for 1 hour at 37 <C
under a humidified atmosphere of 5% CO,. From each dish, 100 pL of MTS solution was
transferred into each well of the 96 well plates. Each sample was triplicated and repeated

three times. The absorbance of each well at 490 nm was measured using a microplate reader
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(Microplate Reader 550, Bio-Rad laboratories, Philadelphia, PA USA). Relative cell numbers
were quantified on the basis of the concentration of the formazan product of MTS. Coated
dishes with GEMOSIL-CS2 and GEMOSIL without cells were used as a blank (negative

control).

7.2.7 Picrosirious staining

MC3T3-E1 cells cultured on both GEMOSIL-CS2 and GEMOSIL coated glass slide
(Corning, Corning, NY USA) and differentiated with osteogenic media (a-MEM, ) for 1, 4
and 7 days respectively. Cells were fixed in a solution of 10% formalin for 30 minutes. After
washing with PBS, cells were incubated in 0.1% (w/v) Sirius red F3B in saturated Picric acid
solution (Electron Microscopy Sciences, Hatfield, PA, USA) for 1 hour at room temperature.
Slide glasses were dehydrated in an ethanol-graded series (60, 70, 80, 90, and 100%) for
three minutes each and allowed to leave in xylene until mount. Each sample was triplicated.
The sections were analyzed using a Nikon microscope equipped with filters to provide
polarized illumination. Collagen fiber images were obtained with a 40x objective lens,
recorded on a digital camera (DP11, Olympus USA, Center Valley, PA USA), equipped

separately on microscope for color image acquisition.

7.2.8 Alizarin red staining
MC3T3-E1 Cells were cultured on both GEMOSIL-CS2 and GEMOSIL coated dishes

and differentiated with osteogenic media for 1, 4, 7, 14, and 21 days respectively. Osteogenic
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media was composed of Alpha Minimal Essential Media (a-MEM) with the addition of
10mM of b-glycerophosphate (Sigma) and ascorbic acid at 0.2 mM (Sigma). After washing
with PBS, the cells were fixed for 10 minutes in formalin, washed, stained with 40 mM
Alizarin Red (Acros Organics, Geel, Belgium) at pH 4.2 for 10 min, rinsed with deionized
water 6 times and air dried. Stained plates were scanned using HP scanner (dpi or specific
info). Simple method using photoshop software was applied to measure and analyze the
surface color intensity of Alizarin red staining. The quantification results of mineralization
characteristics were derived from color differences (8) by CIELAB method?’. Briefly, The
characteristic values and standard deviations for L, a*, and b* were calculated using the
Photoshop software (Adobe System Inc., CA). For each material group, a formula to
calculate the mineralization's characteristics was a color difference between the with and the
without cell dishes, & = ((L-Lo)*+(a*-a*,) >+(b*-b*,)*)? where (L, a*, b*) and (Lo, a*o, b*o)
were tristimulus values for the having cell and non-cell dish, respectively. The mean 6 were
compared among three groups using one way ANOVA and Tukey-Kramer’s HSD. IBM

SPSS Statistics 19 (SPSS Inc., Chicago, IL, US) was used for all statistical analysis.

7.2.9 Scanning and transmission electron microscopy (SEM and TEM)

The cell culture samples for SEM were prepared by dehydration, fixation and critical
point dry. SEM was performed on a Hitachi S-4700 using an accelerated voltage of 15 kV.
The Energy-dispersive X-ray spectroscopy (EDX) has been used to determine the

composition of mineral nodules. For TEM, The samples were prepared according to the
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methods provided by the Microscopic Services Laboratory (MSL) at the University of North
Carolina.** Then ,the samples were stained with uranyl acetate and lead citrate, and observed
using a LEO EM-910 transmission electron microscope operating at 80 kV (Carl Zeiss SMT,

Peabody, MA, USA).

7.3 Results
7.3.1 Physical properties and characterizations

The compressive testing results showed the reinforced effects by incorporation of
gelatin and calcium hydroxide after 48 hours drying at 37 <C (Figure 7.1). By incorporation
gelatin, the compressive strength of scaffolds can be enhanced from 38.3 MPa of HAp-CS2
to 93.6 MPa of GEMOSIL-CS2 by 2.44 times. The reinforced effect of calcium hydroxide is
shown by comparing GEMOSIL with GEMOSIL-CS2 that compressive strength increased
from 43.7 to 93.6 MPa by 2.14 times. The strength increases with the amount of calcium
hydroxide. ANOVA shows significant difference between the compressive strength of
different groups (p < 0.01) and both incorporation of gelatin and calcium hydroxide showed

the significant reinforced effects on compressive strength of GEMOSIL nanocomposites.

Before setting, GEMOSIL samples appeared as a formable paste with moldable and
injectable properties. The setting time of GEMOSIL scaffolds can be adjusted between 3 to 6
minutes and it can be hardened at ambient or within PBS solution. The strength increases

with the amount of calcium hydroxide and reaches the maximum of 28.5 MPa for
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GEMOSIL-CS2 samples after 2 hours setting in PBS at 37 <C (Figure 7.2). This value was
around 3.1 times higher than the samples without Ca(OH), (GEMOSIL) after 2 hours setting
in PBS. The reinforced effect decreases from 3.1 times at 2 hours to 2.14 times at 48 hours
indicating the faster initial setting of GEMOSIL-CS. Incorporation of calcium hydroxide

could accelerate the setting process of GEMOISL-CS samples.

TGA results are shown in Figure 7.3 that absorbed water inside the GEMOSIL and
GEMOSIL-CS nanocomposites could not be removed completely until 200 <C. The weight
loss of GEMSOIL-CS was attributed to the thermal degradation of various compositions
including gelatin (300 - 560 <C),* alkyl groups on enTMOS (400 - 500 <C),*’ dehydration
due to further condensation reaction (400 - 600 <C) and calcium hydroxide (550 - 650 <C).>*
* The GMEOSIL sample showed continuous weight drop from 300-600 <C. The GMEOSIL-
CS1 showed the continuous weight drop until 450 <C, followed by gradual weight drop until
600 T with the final weight loss. The weight drop even ceased at 450 <C for GEMOSIL-
CS2 samples until abruptly dropped at 600 <C indicating the existence of the residual
calcium hydroxide within the scaffolds. The remained mineral contents after TGA testing can
be derived from TGA data (Figure 7.3) and are a close match to the theoretical amounts as

shown in Figure 7.4.

As shown in Figure 7.5, the FTIR spectrum of GEMOSIL nanocomposites containing

characteristic peaks resembled both spectrum of HAp-Gel and enTMOS. GEMOSIL
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nanocomposites showed the typical hydroxyl (OH) peak at 3361 cm™, the typical amide peak
at 1645 cm™, and the methylene (-CH,-) bending at 1456 cm™ as shown in the HAp-Gel?.
There were also vinyl (C-H) stretch peak at 2939 cm™, amide peak at 1645 cm™, the amine
(C-N) stretch at 1202 cm™, the siloxane (Si-O-C) at 1090 cm™, and siloxane (Si-O-Si) at

1024 cm™ as revealed in enTMOS.*®

The amide groups have been used to confirm the formation of chemical bonding
between calcium ions with gelatin and silica.*® For GEMOSIL-CS2 sample, the amide | band
blue shifts from 1645 to 1648 cm™ and the amide 111 red shifts from 1202 to 1185 cm™ where
GEMOSIL-CS1 showed the similar shifts. The peak shift increased as the calcium ion
amount increased. The dramatic blue shift of siloxane band from 919cm™ to 965 cm™
indicated the formation of Si-O-Ca chemical bonding of calcium silicate.”” The peak

positions were the same regardless of the amount of calcium hydroxide.

The x-ray diffraction study was conducted to examine of formation of calcium silicate.
Figure 7.6 showed the XRD diagram of GEMOSIL and GEMOSIL-CS after drying at 37 <C
for 48 hours. The peaks at 26.1<and 32.1° represented the hydroxyapatite crystals and
intensity decreases as increase of calcium hydroxide amount. The peaks at 18.2< 28.0< 34.2°
and 47.3<represented the calcium hydroxide and the intensity increase as increase of the
calcium hydroxide amounts. The peak at 29.5<indicated the formation of calcium silicate

hydrate which remains the similar intensity regardless of calcium hydroxide amount. The
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broad peak at around 22.2<represented the silica phase within GEMOSIL samples and it
disappeared in GEMOSIL-CS samples, which could be due to the formation of calcium

silicate.

7.3.2 In vitro osteogenic properties

For the purpose of bone regeneration, the material should be biocompatible and allow
population of the extracellular matrix. To this end, cytocompatibility was assessed by MTS
assay, culturing MC3T3-E1 cells on the GEMOSIL-CS coated dishes. Mineralization also
was evaluated by collagen detection and nodule formation after initiating osteogenic

differentiation with defined media.

Cell proliferative potential on the material coated dish was analyzed by MTS assay.
Figure 7.7 shows the resultant growth curves of MC3T3-EL1 cells. Cells on both GEMOSIL-
CS2 and GEMOSIL increased their numbers up to 7 days. Cells on GEMOSIL-CS2 coating
showed higher proliferative potential than those on GEMOSIL (P < 0.01), but less potential
than those of the control between days 1 and 7 (P < 0.01). There was no difference at day 7

between the control and GEMOSIL-CS2 (P < 0.01).

Osteoblasts produce collagen fibers prior to apatite deposition during bone matrix
formation. Here, we analyzed the ability of MC3T3-E1 cells to secrete a collagenous matrix

on 1, 4 and 7 days (early time points) of culture on both GEMOSIL-CS2 and GEMOSIL



138

coated dishes. Polarized light microscopic image of MC3T3-E1 cells displayed collagen
fibers as short and stretched linear form with orange and yellow-reddish color. For both
materials, the collagen secreted on day 1 only showed few fibers, but the amount increased
on day 4. The fiber became thicker and appeared more reticular form on the day 7 (Figure

7.8).

The deposition of calcified matrix was analyzed by Alizarin Red staining. Culture
dishes were stained with Alizarin red at 1, 4, 7, 14, and 21 days for the evidence of
mineralization. Even though the calcium deposition was significantly increased after 7 days
of culture on both GEMOSIL-CS2 and GEMOSIL, more calcium deposition was observed
on the GEMOSIL-CS2 culture than GEMOSIL culture on day 21 (Figure 7.9).
Mineralization was not detected during first week of culture. However, dense aggregation
form was examined after a week as proceeding nodule formation. By day 21, differentiated
MC3T3-E1 cell culture represented mineralized nodules, and their appearance differs in
GEMOSIL-CS2 and GEMOSIL culture. The surface color intensity of Alizarin red staining
was increased from day 1 to 21. These mineralization characteristics of control, GEMOSIL
and GEMOSIL-CS2 can be derived from quantitative color differences (5) by CIELAB

method (Figure 7.10).

SEM and TEM were performed on both GEMOSIL-CS2 and GEMOSIL after 4 and 7

days of culture. SEM images confirmed the MTS proliferation results that GEMOSIL-CS2
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coating showed higher proliferative potential than those on GEMOSIL at both 4 and 7 days
(Figure 7.11). Especially for GEMOSIL-CS2 at 7 days, the formation of collagen fibers has
been observed around the cells (Figure 7.12a). High magnification image clearly indicated
small particles of hydroxyapatite were attached on the surface of collagen fiber indicating
mineralization. (Figure 7.12b) TEM images also showed the cross-sectional view of
MC3T3-E1 cells, collagen fibers, and mineral particles in culture after 7 days. The cells
contacted with materials intimately indicating the biocompatibility of GEMOSIL-CS2
(Figure 7.12c). The formation of collagen fibers and mineral particles also provided the

evidence of mineralization in early stage of osteogenic differentiation (Figure 7.12d).

7.4 Discussion
7.4.1 Physical properties and characterizations

The incorporation of gelatin and calcium hydroxide both show the reinforced effects
on the mechanical property and solidification of GEMOSIL-CS scaffolds. By incorporation
gelatin (GEMOSIL-CS), the compressive strength can be enhanced by 2.44 times compared
to HAp only samples (HAp-CS2). This phenomenon has been attributed to the formation of
chemical bonding between gelatin with silica and gelatin with calcium ions. First, the
hydrogen bonding properties of polyols could be used to induce physical cross-linking.*®
Thus, silica species have utilized as a cross-linking agent for gelatin since they were shown
to interact through both electrostatic interactions and hydrogen bonding.*® Second, the

carboxylic group of gelatin at high pH environment tends to be ionic and form chemical bond
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with calcium ions.”> Thus, these two gelatinous interactions within the GEMOSIL-CS

composites contribute, partially, to the increase of compressive strength.

It is known that the properties of composite materials are not just the sum of the
individual contributions from both phases; the role of the inner interfaces is considered to be
predominant in determining the overall properties. The bonding between different phases has
been shown as one of most critical factors to the reinforced effect of composites. Thus, in-
situ formation of chemical bonding between gelatin, silica and calcium hydroxide
significantly enhances the structure and property of GEMOSIL-CS composites. It has been
demonstrated that the short term and long term strength of Portland cement system can be
greatly enhanced by formation of calcium silicate between silica and calcium hydroxide.?® 3
Silica behaves as an activator to promote pozzolanic reaction with calcium hydroxide to form
calcium silicate. Thus, in-situ formation of calcium silicate from calcium hydroxide and

silica has been identified to further enhance the mechanical properties of GEMOSIL-CS

nanocomposites.

The setting process of the GEMOSIL-CS composites is mainly attributed to the
catalytic accelerated sol-gel reaction even within biological fluid. During synthesis, all
samples consisting of calcium chloride solution hardened within 6 min. With increasing
calcium chloride concentration, the setting time of the cement could be shortened, reaching 3

min. The calcium chloride solution has been reported to disturb stability of colloidal system
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and trigger gelation of sol-gel reaction. The basic environment due to leaching of calcium

hydroxide also accelerates the hydrolysis and condensation of enTMOS sol-gel reaction.

From the TGA results, the distinct pattern between GEMOSIL-CS and GEMOSIL
samples indicates the chemical bonding formation between gelatin, aminosilica and calcium
hydroxide. The weight loss during 450 - 600 <C mainly contributes to the thermal
degradation of gelatin (300 - 560 <C) and alkyl groups on aminosilica (400 - 500 <C). The
TGA weight loss delays or stops in GEMOSIL-CS samples during 450 - 600 <C and then
followed by thermal degradation of calcium hydroxide at 600 <C which is delayed about 50 -
70 €. This distinct weight loss pattern of GEMOSIL-CS samples attributes to the
interfacial bonding between within nanocomposites. The chemical bondings between gelatin,
calcium ions and silica slow down the weight loss of GEMOSIL-CS1 and even delayed the
weight loss in GEMOSIL-CS2 samples. This phenomenon indicates the formation of
chemical bonding increases with the amount of calcium ions, which is consistent with the

reinforced effects of calcium ions by compressive testing.

Gelatin consists of varying amounts of 18 amino acids, of which glycine, proline and
hydroxyproline are most abundant.** Our previous FTIR studies has shown the amino acid
residues contained in HAp-Gel structure could make a possible association with silanol
groups through hydrogen bonding.® In the same time, the amide | peak at 1645 cm™ and

amine 111 stretch peak at 1202 cm™ are two characteristic peaks of gelatin which represent the
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amines on the backbones. Blue shift of the amide | and red shift of the amine Il band
indicate the chemical bonding formation between calcium ions of calcium hydroxide and
gelatin. The calcium ions have been found to form the chemical bonding with amide and
carboxyl of gelatin during the preparation of gelatin-calcium phosphate composites.* It is
also known the carboxylic group of gelatin at high pH environment tends to be ionic and
form chemical bond with calcium ions. Also, Matsuyama and Young™® claimed that a broad
range of anionic, cationic and neutral polymers can be intercalated in the C-S-H layers
depending on the Ca/Si ratio of the solid. Minet demonstrated that C-S-H can accommodate
small sized organic groups in the interlayer space, directly linked to silicate chains.** These
results all pointed out the binding forces between gelatin with calcium and silicate. Thus,
incorporation of gelatin help to reinforce the composites structures with these chemical

bonding.

The siloxane peak at 919 cm™ is one of characteristic peak of enTMOS. The blue shifts
of the siloxane peak to 965 cm™ indicated the formation of Si-O-Ca, one of characteristic
peak of calcium silicate hydrate. The vibrational bands observed in the range of 850-1000
cm™ of IR spectra can be attributed to Si-O-Ca bonds. In the same time, the gradually
decreasing IR absorption intensities for Si-O stretching vibrations at 1024cm™ also indicated
CS phase formation during the percolation reactions.>* Basically, the cement paste matrix is
a porous material composed of calcium hydroxide, aluminates and unhydrated cement

embedded into an amorphous nanostructured hydration product, the so called C-S-H
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(Calcium Silicate Hydrate) gel. This gel is the most important hydration product of the
cement paste matrix, not only because it is the most abundant component (50-70% by
volume), but also because of its exceptionally good mechanical properties. It is a known
technique for Portland cement to enhance its mechanical stability utilizing the silica to react
with Ca(OH), and form the calcium silicate due to the pozzolanic reaction.”® The researchers
have shown that silica increases the strength of the cement paste about a 30% in cured
samples and more than a 100% in the asymptotically leached ones.”® * Thus, in-situ
formation of calcium silicate provides a promising method for scaffold synthesis and

reinforcement.

The X-ray diffraction result confirmed with the FTIR results that amorphous calcium
silicate turned into dicalcium silicate hydrate after drying process. The occurring peak at
29.5° indicated the formation of crystalline dicalcium silicate hydrate structures. The
formation of crystalline structure originated from the pozzolanic reaction between basic
Ca(OH), and acidic siloxane. The high surface area and high reactivity of sol-gel derived
siloxane promotes the formation the crystalline dicalcium silicate hydrate at low temperature
which enhances the mechanical stability of Portland cement and also the present system. The
residual Ca(OH), has been detected from X-ray results and it can leach calcium ions to affect

in vitro osteogenic properties.
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The residual Ca(OH), within the composites causes the leaching of calcium ions, which
provides two characteristic properties of GEMOSIL-CS composites. First, the degradation
rate can be further enhanced due to the leaching of calcium ions. The formation and leaching
of calcium hydroxide have been found happened in the Portland cement phases. Although the
additives of silica particles will react with calcium hydroxide as mentioned above, the Ca
ions could be released due to the abundant amount of calcium hydroxide. The degradation
rate of GEMOSIL-CS composites approach 15 wt% at 14 days and 25 wt% at 28 days (data
not shown here), which is higher than that of the GEMOSIL only composites. Thus, the
leaching of Ca ions can further enhance degradation. Second, the leaching of calcium
hydroxide also provides the abundant Ca ions that might affect osteogenic properties as

shown in the present in vitro studies.

7.4.2 In vitro osteogenic properties

To meet the requirements as bone substitutes, the material should be biocompatible and
allow population of the both organic and inorganic extracellular matrix. Osteoblast
attachment to collagen is mediated through integrins and it transduces kinase signaling
pathways supporting osteoblast proliferation and bone growth.*’ Cells on the GEMOSIL-CS2
showed less proliferative potential than control for 3 days of culture, but eventually will fully
confluent in culture dish after 7 days of culture. The delay of cell growth is possibly caused
by initial calcium leaching from the substrate surface, which may affect cell attachment.

Increased calcium (Ca) level eluted from the coated GEMOSIL-CS2 would affect to the
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degree of proliferation since Ca ions was known to play a very important role in osteoblast
proliferation from previous studies.*”® Eklou-Kalonji et al. reported that extracellular calcium
level involved in the regulation of proliferation, collagen synthesis, and the expression of

osteoblast phenotype markers.*®

Collagen has the capacity to mineralize during osteogenic differentiation. It is secreted
from osteoblasts and serves as biomimetic material for the bone mineralization. In this study,
we observed the secretion of collagen on both GEMOSIL-CS2 and GEMOSIL culture in
early time point. After one day of differentiation, very few fibrillar collagens were observed,
whereas density of fibrillar collagen was increasing on day 4 and more on day 7 on both
GEMOSIL-CS2 and GEMOSIL culture system throughout the early time course of this
experiment (7 days). Unlikely on day 1 and 4, collagen fibrils seen in Figure 7.8 on day 7
appeared to become thicker and to align nearly orthogonally to each other that also appeared

in the SEM results.

Alizarin red is routinely used for staining deposited calcium nodules during osteogenic
differentiation. Scanned and light microscopic image was acquired to observe the detailed
calcium nodule formation. The nodules in GEMOSIL-CS2 culture appeared darker and larger
particles, whereas the shape of nodules seemed to be linearly connected in GEMOSIL
culture. The higher degree of nodule formation in GEMOSIL-CS2 culture can possibly be

affected by the leaching calcium ions in culture system.
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Both SEM and TEM images further confirmed that the MC3T3-E1 cells can secrete
mature collagen and form calcified nodules during osteogenic differentiation on GEMOSIL
and GEMOSIL-CS2. Collagen matrix secreted by MC3T3-E1 cells after initiating osteogenic
differentiation is an essential platform for the mineralization. Small hydroxyapatite particles
along with collagen fibril were able to be observed by SEM at high magnification. This
collagen and mineral interaction will be implicated to design biomimetic mineralized
collagen for the functional bone matrix formation. The TEM results of GEMOSIL-CS2
revealed that there were abundant cytoplasmic secrets, which indicated by many rough
endoplasmic reticulum implying accelerated osteogenic differentiation. It confirmed that the
dark particles from Alizarin red results associated with collagen fiber to precede
mineralization. The mineralization process possibly affected by the calcium ion leached from
GEMOSIL-CS2. As we mentioned in earlier part, calcium ion could stimulate both cell
proliferation and differentiation directly or indirectly. Therefore, the mechanism of calcium
ions from GEMOSIL-CS2 coating needs to be explored on the biological system in the future

study.

7.5 Conclusion

The present study demonstrates a new bioactive scaffold made of in-situ hybridization
of calcium silicate and hydroxyapatite-gelatin nanocomposites. The inherent interfacial
binding between gelatin, calcium silica and aminosilica contributed to the mechanical

integrity. The in-situ formation calcium silicate has enhanced the mechanical strength of
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nanocomposites. In the same time, MC3T3-E1 cells have been shown to proliferate and

differentiate better on the GEMOSIL-CS than on GEMOSIL culture system and calcium ion

leached from GEMOSIL-CS culture system might play a key role. Therefore, the new

GEMOSIL-CS nanocomposites could provide promising opportunities for tissue engineering

applications.
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Figure 7.1 Compressive strength of GEMOSIL nanocomposites aging in 37 <C oven for 48 hours
after mixing. The strength increases with the amount of calcium hydroxide. ANOVA shows

significant difference between the compressive strength of different groups (p < 0.01).
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Figure 7.2 Compressive strength of GEMOSIL nanocomposites soaking in 37 <C PBS for 2 hours
after mixing. The strength increases with the amount of calcium hydroxide and reaches the maximum

of 28.5 MPa for GEMOSIL-CS2 samples.
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Figure 7.3 TGA results showed the weight loss versus temperature. Distinct weight drop patterns are
attributed to the degradation of water, gelatin, alkyl group and calcium hydroxide.
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Figure 7.5 FTIR spectrum of GEMOSIL nanocomposites. (a) GEMOSIL (b) GEMOSIL-CS1 (c)

GEMOSIL-CS2. The FTIR spectrum containing characteristic peaks resembled both spectrum of

HAp-Gel, enTMOS and calcium silicate.
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Figure 7.6 XRD measurements of GEMOSIL composites after drying at 37 <C for 48 hours. The
peaks indicated the existence different phases including hydroxyapatite, calcium hydroxide and
calcium silicate.
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Figure 7.7 Growth characteristics of MC3T3 cells were assessed on both GEMOSIL and GEMOSIL-
CS2. Proliferation potential of the cells was assessed by MTS assay on dayl, 3, 5, and 7. The cells
were cultured with initial number of 5 x 10° cells on all culture dishes (control), culture dishes coated
with GEMOSIL, and culture dishes coated with GEMOSIL-CS2.



158

GEMOSIL-CS

GEMOSIL

50.0 pm Day 4

Figure 7.8 Micrographs of Picrosirius stained MC3T3-E1 cells cultured on GEMOSIL and
GEMOSIL-CS2 coated glass after 1, 4 and 7 days. With the use of polarized filters, the orange and
yellow-reddish fibers represent collagen.
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Figure 7.9 Mineralized nodule formation from MC3T3-E1 cells. Calcium deposition from MC3T3
cells cultured on both GEMOSIL and GEMOSIL-CS2 coated dishes were observed by Alizarin Red
staining at 1, 4, 7, 14 and 21 days in culture.
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Figure 7.10 Quantification results of mineralization characteristics of control, GEMOSIL and
GEMOSIL-CS2 at 1,4, 7, 14 and 21 days derived from color differences (8) by CIELAB method.
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Figure 7.11 SEM micrograph showed the cell proliferation potential on (a) GEMOSIL and (b)
GEMOSIL-CS2 after (1) 4 and (II) 7 days in culture. GEMOSIL-CS2 samples showed higher
proliferative potential than those on GEMOSIL for both 4 and 7 days.
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Figure 7.12 SEM and TEM images of GEMOSIL-CS2 samples after 7 days in culture (a) SEM
images showed MC3T3-E1 cells have produced extracellular matrix around the cells after 7 days. (b)
High magnification SEM images indicated collagen fibrils were partly covered by mineral particles.
(c) TEM micrographs showed the formation of collagen fibril around the cells and cells intimately
contact with materials. (d) The nodule particles formed on the collagen surfaces also can be observed
in TEM images.
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Table 7.1 Composition of GEMOSIL, GEMOSIL-CS and HAp-CS nanocomposites

HAP-Gel  HAp enTMOS Ca(OH),  CaCl, (1M)

Samples (mg)  (mg) (1) (mg) (L)
GEMOSIL 100 0 300 0 48
GEMOSIL-CS1 100 0 300 100 48
GEMOSIL-CS2 100 0 300 200 48

HAp-CS2 0 100 300 200 48
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Chapter 8

Conclusions and Future Work
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8.1 Conclusions

The present studies examined the properties of versatile polymer-silica nanocomposites
and utilized the inherent limitations of sol-gel nanocomposites to produce unique structures
that cannot be derived by the conventional methods. Several important steps have been made
towards developing polymer-silica nanocomposites as a novel class of efficient
nanofabrication systems for multifunctional applications. First, self-assembly of AgCI
crystals at the surface of PEG-silica nanocomposite films containing AgCI nanocrystals and
PEG as diffusion-controlled media has been successfully demonstrated. The ability of using
nanoporous film as an ion source to conduct growth of crystals with controllable orientation,
shape, and dimensions may open new ways to pattern and fabricate various nanocrystal
systems on solid surfaces. When heat-treating the same nanocomposites, an interconnected
silver network with grain boundary-like layers was found spontaneously formed inside the
silica matrix. The research determined that the shrinkage-induced stress during the drying
process results in microcracks where the crack surfaces serve as a 3-D template for silver to
interconnect. In order to increase crack density, the monolith was ground into powders for
heat treatment and robust metal foams can be synthesized after etching. Furthermore, by
incorporation of thiol groups combining room temperature and high temperature method,
patterned silver nanoparticle arrays can be derived. The controlled selectivity and distribution
of nanoparticle can be achieved regardless of the existence of residual layer inherent from
microcontact imprint. Lastly, Hydroxyapatite-gelatin modified siloxane (GEMOSIL)

nanocomposite was developed by coating, kneading and hardening processes to provide
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formable scaffold. The interfacial interactions within nanocomposites have been found
critical to the biocompatible, osteoconductive, mechanical and degradable properties. The
biomimetic nanocomposites have shown high potentials for tissue engineering bone

regeneration.

8.2 Future work

For future works, the possibility to extend the same method for synthesizing different
metal and alloy foams should be explored. In the same time, the properties of metal foams
including surface areas, electrochemistry, catalysis and mechanics should be further analyzed
for potential applications such as electrode, catalyst, and mechanical structures. For bone
scaffolds, in vivo osteogenic properties should be examined for future clinical tissue
engineering applications. The pore structures within scaffolds could be incorporated by
leaching or prototyping methods for bone in-growth. The incorporation of degradable
polymers such as biodegradable polyester or hydrogels could be investigated to manipulate

the degradation rate of scaffolds to match the bone healing process.



