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Fabrication and Dynamic Mechanical Analysis of Hydroxyapatite
Nanoparticle/Gelatin Porous Scaffolds

HICHAM GHOSSEIN

UAB Department of Physics

ABSTRACT

The application of engineered biomaterial scaffolds for hastidisepair
critically depends on the scaffold’s internal architecture abwua length scales.
The pore size, shape, surface morphology, and pore connectivitynarg dhe
most important factors that affect the scaffold’s mechanicapgsties and
biointegration.

Reported in this thesis are the results of the investigation of porous
constructs fabricated by a freeze-drying process from synthmetiwsized
hydroxyapatite / gelatin (nanoHA/Gel) dispersions with differeahoHA/Gel
ratios (nanoHA loading was varied from 0 to 50 % by weighthe fabricated
scaffolds had porosity up to 90% with pore size in the range of 200 pm, and
good distribution of HA nanoparticles within the gelatin matrix.Sporosity is
considered to be close to optimal to promote a good cell adhesionpotémial

applications of prepared constructs.

The fabricated scaffolds have been investigated using X-rayadtifin

(XRD), Fourier-Transform Infrared Spectroscopy (FTIR), and Dyoam



Mechanical Analysis (DMA). Dynamic mechanical analysis asffabricated
scaffolds revealed that the scaffolds achieved maximum bendingeasde
moduli up to 1.28 GPa and 1.5 GPa, respectively, when nanoHA loading was
around 30 % by weight. The bending modulus increases by a factd, oftile
the Tension modulus increased by a factor of 0.8 after the on&ssgl of
polymer. Higher nanoHA loading above 50 % by weight results in bending
modulus of about 700 MPa and Tension modulus of about 200 MPa only.
However, the cross-linking still enhanced the bending up to 1 GPaitutidenot

affect much the Tension modulus in 50% nanoHA/gelatin constructs.

It has been shown that the cross-linking with glutaraldehydei@olut
improves the morphological structure of the scaffolds, while thems wno
apparent effect of the cross-linking on the chemical changes inobgdhic and

inorganic content during the processing.

The results of this study can be useful for further developnoént
nanoparticulate bioceramic / biopolymer constructs for applicatiohemedical

field.

Keywords: Gelatin, Nano HA, Mechanical, Morphological, Modulus,

Crosslinking.
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CHAPTER 1

BACKGROUND AND MOTIVATION

A. Introduction

Since the late 1980’s tissue engineering (TE) as a nevpliischas made rapid
advances. Tissue engineering, as a potential medical treathmdds promises of
eliminating re-operations by using biological substitutes, solprablems of implant
rejection, transmission of diseases associated with xenograftsllografts, and shortage
in organ donation, and potentially offering treatments for medical ittonsl that are
currently untreatable'], Such a treatment hold as well a strong economical strength, due
to its low cost in comparing to the available treatments thegeSlace, at the present, it
is estimated that approximately one seventh of the US populatidarssufom
musculoskeletal impairment, costing the US economy more than $21dn kalliyear.
Well over 600,000 orthopedic surgical procedures performed annually inSheould
require bone grafts. With a growing and aging population, this numliecomtinue to
increase 4. Not mentioning osteoporosis and other bone problems and diseases that
have been a great concern in the last era. Disease dtaftisiim the National
Osteoporosis Foundation bear out the magnitude of the problem: One irotmenvand
one in four men over the age of 50 will suffer an osteoporositecefracture over their
remaining lifetimes . But, even to date, autograft and allograft treatments for bone loss
have achieved varying degrees of success in restoring fornuaciibh; they still carry

significant risks f]. That is why there are currently many efforts to redumk eliminate



those risks especially with the large number of people who sufier bsteo-related
problem.

One of the possible solutions to achieve this reduction or elimintite risks is
making an alternative synthetic scaffold that is biocompatibleposhductive and able
to withstand mechanical loading. Thus, creating materials with cotgpgsstructure,
and properties that are similar to those of human bone is cfiticdlesigning artificial
bone replacements and curing such diseases as osteoporosis and atiberbiaies
problems.

For bone tissue engineering, major issues of tissue engineeaffglds include
the use of appropriate matrix materials for scaffolds, contropabsity and pore
characteristics of scaffolds, mechanical strength of scaffddaffold degradation
properties, and bioactivity. Compared to the strengths of metalseaaihics for medical
applications, the strengths of biodegradable polymers are alveagyow [']. On one
Hand, gelatin as natural polymer, being a denatured form of collegerpected to be
beneficial in it for hard tissue applications, because it casitai bunch of biological
functional groups, such as amino acids within the backbone. However, thanmcal
properties of gelatin are not satisfactory for hard tissue engingdl And a problem has
been rising with the introduction of pores into the polymer matet@lform tissue
engineering scaffolds; the strengths of porous structures atteerfudecreased, as
strengths of materials decrease drastically with an iseré&aporosity J.0n the other
hand, some promising polymers such as PLA and poly(e-caprolactoGt) @e
considered to be non-osteoconductive, and they are cannot be readilggoaiad in

hard tissue repair. In order to design better scaffolds for bonge tessgineering, a



composite strategy should therefore be adopted, for example, thraugtilidation of
bioceramic and polymer composite materidls Polymer-based scaffolds containing
bioactive bioceramics can be manufactured in such way whebedteramics can serve
two purposes: (a) making the scaffolds osteoconductive, and (roengf the scaffolds
[

In a number of published studies, the particulate materials sutjdesxyapatite
(HA), tricalcium phosphate (TCP) and a few bioactive glasse® Heeen used in
composite scaffolds for achieving osteoconductivify.HA ceramic, being similar to
bone mineral in physicochemichal properties, is well known for itscbhioly and
osteoconductivity in vitro and in vitro®[ °] [}]. However, pure HA ceramic scaffolds
are difficult to handle and keep in defect sites of the bone beocéhutsebrittieness and
low plasticity [°]. However, the brittleness of porous ceramic materials and their
tendency to form debris can be reduced by adding a polymer. Gelatin is & patiureer
that has been shown to be useful, by Tamperi A etplapd Liu B et al ], as a
reinforcing coat for porous cellular isotropic scaffolds, and $b akxhibits several
biologically attractive features-

So, among the biomaterials proposed, the composites of HA and naturakpoly
(collagen and gelatin) have a great potential due to their composisiomédrity to the
physiochemical properties of the human bdfg'f].

Currently, there are a number of strategies for developing bone gsgjineering
scaffolds. The composite strategy provides the means for adjiestionger and
bioactive scaffolds as compared to conventional polymer scaffoltferddit approaches

in the composite fabrication result in scaffolds of different, miisitte characteristics][



From many techniques that have been used for scaffold design, solvent casitntgpar
leaching (SCPL), thermally induced phase separation (TIPS),ospitere sintered
known as electrospining, and hydrogét {7 18 1920 21, 22. 23,424 have been shown to
be successful. Alternatively, electrospining technique is aacttte method to fabricate
scaffolds. For example, the electro-spinning process was usedki th& constructs
where the activated polymer chains intertwine with neighboringnperdychains, which
finally formed bonding between neighboring microspheres ofittiersd gel matrix?.
In Min Wang paperlll, it has been found that all electrospinning parameters (polymer
solution concentration, solution feeding rate, injection needle diamigtetrjel voltage,
and working distance) all had significant effects on the resuiifagts. But real form
porosity was never properly achieved, in another word good the pmewsis not
sufficient for in vivo cell infiltration and interconnectivity wouldilf due to some closed
pores. Another process called freeze-drying have been used topleegalfolds with
aligned channel-like meso- and macropores and good micro-intercamsefdi In the
sited study {°] the gelatin-HA composites were fabricated as a foam, thraugovel
mixing, freeze-drying, and crosslinking process, to offer theesyst high specific
surface area for vascularization and cell ingrowth. It has beennstiat the freeze-
drying method resulted in good porosity. That is why the presedy fias been focused
on the fabrication of the composite porous ceramic/polymer mateugilsy new
approaches for mixing, freeze-drying, and crosslinking processgsigithe course of
present investigation, different HA nanoparticle / gelatin megwrith different resulting
porosity and different nanoHA/Gel ratios (nanoHA loading was vdraed O to 50 % by

weight in preliminary work) have been prepared to optimize theepsoparameters, to



analyze and understand better the mechanical performance of sostiucts, for
designing biomedical scaffolds with better performance.

There have been two different approaches to ‘explaining’ thehanezl
properties of bone. One approach is to explain the mechanical propgrtieference to
the microscopic and fine structure of the bone. The other approtacrelate statistically
the mechanical behavior to other features of the bone, such as pottosityeneral
orientation of the bone’s structure or the mineral content. This isopmenological: one
can explain mechanical properties in terms of other variables ansuagh relationships
for prediction. The properties mainly examined were the Young's moduldsthose
associated with tensile failur€] In the present study, this approach was used to explain
and analyze the mechanical properties of the fabricated scaffoltsms of other
variables like the weight % of the inorganic phase and use suclonshaps for
prediction on how to make a better scaffold.

B. Background:

As mentioned in the Introduction, there are different approacbesthie
fabrication and for the testing of the ceramic/polymer compaséterials. And even
more approaches to explain the mechanical properties of thensystpecially, that
Bone tissue engineering is a hot and important topic in the saeotifimunity these
days. In our study we considered the fabrication by freeze-dnyietpnod for bones
scaffolds, and we will analyze the mineral content of the schtfolrelate it to its

mechanical properties.

For example, in the investigation done by M. Wang in his paper “Coteposi

Scaffolds for Bone Tissue Engineering”, plasma sprayed HAclesmt(psHA) were



incorporated in a poly(L-lactic acid) (PLLA) to form osteoconducto@mposite

scaffolds f%]. The manufacturing process of these scaffolds is shown in Fig.1.

Ceramic
» « P
Powder > Solvent orogen
Ceramic and Porogen | Polymer
Suspension in Solvent | Granules
Ceramic and Porogen
Dispersed in Polymer Solution
h 4
Composite Gel Composite Scaffold

A

A

Porous Composite Gel

Figure 1: Manufacture of bioactive composite scafféfiis[

In this process, freeze-drying was used at the final stageotiuce the porous
structure. Just as in the production of polymer scaffdlds for composite scaffolds,
factors such as polymer solution concentration, porogen type andfreieee-drying
parameters, etc. play very important roles in forming the sdaffof desired porous
structures (pore geometry, pore size and size distribution, puieecannectivity,
thickness of pore walls, etc.) and hence in the scaffold’s mechaeidarmance. It has
been shown throughn vitro experiments that the composite scaffolds possessed

bioactivity due to the incorporation of psHA particle$. [



In another recent study, it has been shown that using an emulseze-frying
process, composite scaffolds based on natural polymers could be pr¢tflide these
scaffolds, the carbonated HA (CHA) nanospheres were incorporatedughhrthis

process, highly porous structure with a controlled pore morphologies lbewdhieved

(Fig.2).

LT 1260 KU W 13

ldun  — Photo Ho. &

Fig. 2: CHA/PHBV composite scaffold produced through an emulsieezé&-drying
process ]

In another study done by J. Liuyun, et#],[the nano-hydroxyapatite and natural
derived polymers of chitosan and carboxymethyl cellolose, nameiA/@S/CMC
scaffold was fabricated as described by the following procedingly, 3 g CS and 3 g
CMC powders were mixed evenly and added into 150 ml n-HA slurry(oamgad4 g n-
HA powder) with constant stirring for 2 hours under ambient conditions t@inokt

homogeneous mixture. Secondly, 3 ml glacial acetic acid was aduaktheastirring was

7



kept till solidified mixture was obtained. Then the solidified migtwas maintained in a
freezer at -30°C for overnight to freeze the solvent. Finaysample was lyophilized in
a freezing dryer until dried, and a scaffold was achieved. To remheveesidue acetic
acid, the scaffold was immersed in 0.2 mol/ | NaOH solution foers¢wours, and then
washed in deionized water and dried in a vacuum oven at 60°C.

In order to illustrate intermolecular interaction between compsriergystem, IR
spectroscopy measurements were taken. However, an absorption at 1665a3nwere
shifted to 1621 ci in n-HA/CS/CMC composite scaffold, and the peak of 5599
cm™) was absent, which may be the result of the formation of;“N&thd the peak of
asymmetry stretching of GOO- is still found at ~1420 cth Obviously, these
observations mean that there was electrostatic attractioedetMH" of CS and -COO
of CMC, which results in the formation of CS/CMC polyelectrolyegwork, and n-HA
was filled in it easily.

Additionally, TEM photograph of the n-HA/CS/CMC composite was gi{fag.
3). It shows that n-HA crystals are still in the range afiometer grade and have a good
dispersive property in the polymers, which has a positive effethe@mechanical and

biological properties of the n-HA/CS/CMC composite scaffold.



Figure 3: The TEM photograph of n-HA/CS/CMC composite.

The SEM images (Fig. 4) showed that the scaffold was threerdiional
complicated irregular porous structure together with good interctione between the
pores (Fig. 4(a) and 4(b)), and the walls of the macropores raaigoug from 100 to 500

um contained many micropores (Fig. 4(c)).

Figure 4: The SEM microstructure of n-HA/CS/CMC composite scaffold.

In addition, the porosity was 77.8% + 3.24. More important, the compressive
strength of the scaffold could also reach 3.5 + 0.13 MPa, which washe range of

the observed properties of cancellous bone (2MPa~10 MPa). Basedloghllyeporous



structure, it was proposed that it was likely for the scafimldromote cell adhesion and
attachment as well as nutrient delivery to the site of tissue regemnerati

The mechanical properties of the gelatin and gelatin—-HA waisietested in their
dry and wet state by H.-W.Kim, J. C. Knowles, and H.-E. Kifh [he results showed
that for the dry state the elastic modulus was 0.86 MPa fauiteeGelatin, 2.28 Mpa for
nanoHA/Gel where HA is 10% in weight, and 4.01 MPa with HA beid®% 3n weight.
All the foams showed a similar stress-strain behavior. Even wieeirittle HA was
added to the gelatin at 30 wt %, the gelatin composite respoffii@dndly to applied
stress, by absorbing energy and dissipating stress without baictgred.Wet state
results were not discussed, in attempt to limit the number ofolesian that study. Table
1 from the above sited paper show a small change in the etastiglus values. That is
why only dry state was analyzed in this study, in the efferteduce the amount of
variables. Once, dry state study is finalized wet stateystuldl be initiated in a future

project.

Tablel: Elastic Modulus measured From Compressive Strese-Suares within Initial

Stage (<2% Strain).

Gelatin 10% HA 30% HA

Foams Dry Wet Dry Wet Dry Wet

Elastic Modulus | 0.86+0.19| 0.63+0.25 2.28+0.10 0.91+0.211 4.01+0.39 .1240.15

(MPa)

Also, the published paper of J.Song et’hlshowed good mechanical properties

for the nanoHA/gel composite. The authors said that the stiffsfefee composite and

10



the ability to withstand compressive stress correlate withmilceostructure and content
of the mineral component. The incorporation of porous aggregates of HA ystater
effectively improved the resistance of the composite to cradpagation under
compression. Freeze-dried FlexBone containing 50 wt % porous HA gatadsrcould
withstand hundreds-of-megapascals compressive stress and >80% cwapsasam

without exhibiting brittle fractures]

So, the presence of hydroxyapatite in bone is critical tdiffeess. Experiments
show a continuous increase in Young’s modulus — up to a factor of thregliomineral

contents — as collagen fibrils mineralizg. [
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CHAPTER 2

EXPERIMENTAL METHODS

A. Fabrication of scaffolds

In my research, | followed the novel freeze-drying method for dbedation of my
samples. Similar to the work done by J. Liuyun, et*8l the n-HA/gel scaffold was
fabricated as described by the following procedure. Firstly, éseratl amount of gelatin
powder will be added to 30 ml of distilled water (1&Mm) and stirred at 1000 rpm on a
temperature about 80 °C until it is well mixed in the water. @ntity of gelatin and
Ha particles will depend on how much we need each to be representethito achieve
different types of porosity. Secondly, the desired amount of na#tien will be added
and the entire solution will be constantly stirred for 3~4 hours uhdesame conditions
to obtain a homogeneous mixture. When the total solution reaches 10 nhlinmeyat
will be quickly poured into containers with caution that no air bubblestack in there,
and then the container got maintained in a freezer at -8°C for oletaigeeze. Finally
the sample got lyophilized in a freeze dryer until dried, anchicdd will be achieved.

This procedure is summarized in figure 5.

12



GELATIN POWDER DI WATER
SAMPLES PLACED IN
HANANO PARTICLES GELMTN“?;,[SESEWEDTN VACCUM TILL THE TIME
OF MEASURMENTS
FINAL VOLUME OF
HA/GEL SOLUTION SAMPLES FREEZE DRIED
ACHEIVED
SOLUTION PLACIIEDAI'N CONTAINERS PLACED IN
PROPER MANNER AND :> FREEZERH‘:)T Bl
PROPER LABELING URS

Figure 5: Schematic of synthesis of HA/Gel Scaffolds.

After freeze drying, all samples got labeled and saved vacaum environment until
time of measurements. Some of the samples were selectedogsitinking procedure.
This procedure consisted of immersing the samples in a solution ofl &f
glutaraldehyde 50 % w/w and 2ml of Methanol for 3 hours. Then samplegetjotnsed
with methanol. Labeled and placed in vacuum. The density and porosity s€affolds

were measured by calculating dimension and weight based on the formula:

Porosity =1 — £ (1)

Pb

Whereps is the density of the sample apgdis the density of the bulk material of the

mqi+ms,

sample. Andp, = where ml1, m2, vl, v2 are the mass and the volume of each

v1+v;,

13



composite correspondingly. Volume can be obtained using the specificygrwatich

elementpy,, = 3.08 g/cm3 andpg,; = 0.7 g/cm?

The measurements yielded values that varied between 87 % to 90 % porosity +1.5 %.
B. Method of Investigation

i. Structural investigation

For structural investigations, SEM images were taken for thelearto facilitate the
study of their morphological characteristics like the qualitytteé interconnections
between the pores and the walls of the macrop6ds ] This SEM images were taken
at the University of Alabama using their SEM microscope (JEQ00 FE SEM that is
equipped with EDX, WDS, EBSD, SE, BE and TE detectors, plus Nabltgal:

lithography).

In order to illustrate intermolecular interaction between compsrnerihe system, to
analyze the structure and to study if there is any changbeircomposition of the
particles after compounding. A Fourier Transform Infrared Spedpys(~TIR, Vertex
70 spectrometer) were taken to determine the chemical compasitranoHA/Gelatin
composite materials. Using the The FTIR spectra were acguirgdnsmission mode
using the thin (less than 50 pm thick) slices of the fabdcatmstructs. In all cases, the
FTIR spectra represented an average of 100 scans recordedegdiugion of 4 cni for

each sample to reduce the signal/noise ratio.

Then X-ray diffraction (Philips X’'pert thin film X-ray diffraometer with @ Ka
radiation operated at 45 kV and 40 mA, wavelength 0.15406 nm) was useduateval

the structural characteristics of the prepared nanoHA/gelatteriala in organic and

14



inorganic phase, and to be able to evaluate the crystalline phfaesHA particles in

our samples, [*Y, [*%. The range was 20 to 50 aéd15°C.
ii. Mechanical Testing

The mechanical measurements were made using the Dynamidaduhitead Analyzer
“DMA” (DMA 8000, PerkinElmer, Inc.)This instrument will help us determine the Young'’s

modulus and tension modulus of our samples.

The used DMA is located in the Chemistry department in Dr.e§eviyazovkin
lab. The testing conditions will be conducted with a dual cantilemedry conditions
from 25 °C ~ 40 °C; with a strain factor of 2600N a frequency of &kt displacement

of 0.05 mm.

On first stage previously prepared samples, by graduate studemtwavked before
on the project with Dr. Stanishevsky, were measured for tension anchipendduli.
Those samples were prepared by the same method describedf@attie preparation of
the new samples, which were subject to the same tests as thieesl All measurements
were done using The “DMA” machine mentioned earlier (DMA 80kinElmer, Inc.).

The DMA, Bending test Assembly and Tension Test Assembly are shown i@ @gur

15



Bending Test Assembly

>

Testing Conditions:
* dual cantilever base
*23°Cto40°C.

* The strain factor
2600 N

' *1 HZ frequency

. *0.05mm

-~ displacement

Figure 6: Test assembly for Mechanical testing.
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CHAPTER 3

RESULTSAND DISCUSSION

A. SEM RESULTS:

SEM images were taken from a cross cut of each of theleamFigure 7
illustrates the test sample and the area where the picterestaken. The HA addition
produced smaller pores and rougher pore wall surfaces. The SEMepistuwwed the
dimensions of the pores decrease when the inorganic phase contergasddc The HA
particles dispersed homogenously in the gel netwdfk. All fabricated constructs had
three dimensional complicated irregular porous structures with gaedconnected
porosity up to 90 %, pore diameter in the range of 20 to 300 micron, and pbre w
thickness in the range of 3 to 10 micron. Typical SEM images oddhwles are shown

in Figure 8, 9 and 10.
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Figure 7: Test sample for SEM images and the areas where the pictar@aken.

i. Sample 1. 10% HA by weight:
With the addition of 10 wt% of HA, the pore configuration show a plem
morphology. But the general sample was very smooth with big poreupize 300

microns and much similar to the Gel polymer then a scaffold shape.
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Figure 8: SEM pictures for Sample 1 that contain 10 wt % HA. Left Picture shewsp

of the sample, right picture show the center of it.

ii.  Sample 2: 30% HA by weight:

On the other hand with 30 wt % HA addition, the pores structuremmecauch
complex and anisotropic with irregular pore size from 50 to 90 midrbe.walls were
rough which what we think it will allow adhesion with cells in theire during implants.
The HA particles were distributed homogeneously throughout the rgeletwork, and
the distribution was not affected by gravity, due to the viscaditgelatin and rapid

freezing of the samplesy
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X100 WD 10.0mm 100pm

Figure 9: SEM pictures for Sample 2 with 30 wt % HA. (a) Toghefsample x100, (b)
Center of the sample x100, (c) Bottom of the sample x100, (d) Centee sample x

500.

iii. Sample 3: 50% HA by weight:

For the last sample the addition of HA was 50 wt %. The SENjes\&how a
higher irregularity with pore size that drop down to 30 microns. pidre shape became
more irregular, and the surface of the walls was much roughestmple 2, due to the
impregnated HA. With this big load of HA, the nanoparticles aggtated and form

aggregates on the surface of the pore walls.
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Figure 10: SEM pictures for Sample 3 with 50 wt % HA. (a) Tothefsample x75, (b)
Center of the sample x75, (c) Bottom of the sample x75, (d) Centiee simple x 1000

showing the aggregation of the particles on the walls.

B. XRD Measurements:

The XRD measurements allowed us to study the crystalline catoposf the
HA/Gelatin scaffold as shown in figure 11. For pure Gelatin vencdice at 2 ~ 20° we
have a broad peak that represent the crystanilinity of the pglynatrwas reduced with

addition of HA patrticles. The small peak that appears at 37.5° dichatwh any other
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founding in literature; so, it was contributed as an artifact.th@rother hand, when HA
was added, diffraction peaks corresponding to HA were observed, and with mgitbasi
HA the intensity of those peaks was increased correspondingly. Ppbeake confirmed
that HA particles in the samples are of a single-phase epatie XRD pattern of the
samples containing HA is well matched to the standard HER RD#72-1243, and HA
particles did not perform a phase change during sample fabricatrme gie XRD

analysis detected no secondary phases beside HA in scaftj|ff][[]

EO0 =
500 4
Gelatin
. 400 4 "
=
s
- 10 wt.% HA/Gel
% 300 4
S
o ||
Q
200 - 30 wt.% HA/Gel
100 + 50 wt.% HA/Gel
D'I'I'I'II'I'I'I'I'I'I'I'I'II

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Two Theta, Degrees

Figure 11: XRD patterns of the gelatin and gelatin-HA composite foams.
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ticl det ined to be = 1.5406%10~1° ~ 16
particlies was determinead 1o bg = 09 10-12=(020+10-52.c05 13 = lonm.

Using the Debye-Scherrer equatidn: = , the size of the used HA

Where A is the wave length of the X-ray,,; and4s; are the full width at half
maximum (FWHM) for the peak 8t 13° and for Silicon, respectively.
C. Infrared Spectroscopy:

IR spectroscopy of pure gelatin revealed a series of agh#® cn, 1540 cnf,
and 1650 c) and carboxyl (1300-1450 ¢thbands, which were attributed to the amino
acids of gelatin backbone, such as glycine, proline, and hydroxyprdfinafter adding
HA, PO, (570 cn, 600 cnt, 960 cnt, and 1030-1090 ci) bands appeared clearly
along with gelatin bands®q, [*'] The increase in HA amount increased the intensity of
PO, and decreased the one corresponding to gelatin. No significant chasgdserved
in band structure of gelatin with the addition of HA nanoparticléschvconfirmed that
no chemical reaction, occurred between HA and gelatin in the composites.

Figure 13 shows the FTIR spectra of the same samplesfiguiie 12, but after
crosslinking. The results show that the bands of gelatin are muderged with the
addition of HA, while the HA bands were not affected that much. Ptioae gelatin
retained considerable biological characteristic groups, eslyeamlno acids. Moreover,
the evolution of amide bands suggested that the gelatin maintained avelofl the

unique sequence ofhelical structure¥]
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Figure 12: IR spectra for gelatin sample, and all other samples befosditiiog.
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Figure 13: IR spectra for gelatin sample, and all other samples afiesli@king.

D. Mechanical Testing:
Pure gelatin sample were prepared and their mechanical prepeetie measured
for the purpose of comparison. Their dynamic mechanical analysiA\|D&Vealed a

bending modulus about 2.5 GPa and a tension modulus about 2 GPa before crosslinking.

After Crosslinking, the average of the bending modulus grows inter fat 3 at

least to become 5.5 GPa and the tension modulus became 2.3 GPa.

DMA study of previously prepared nanoHA/Gel scaffolds, samplehbaic

revealed the bending (Fig 14) and tensile moduli (Fig 15) up to 500aM&&800 MPa,
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respectively, when nanoHA loading was around 30 % by weight. Thedelinncrease
by a factor of 1.6 after the cross-linking of polymer (Fig 16 Angd NanoHA loading
above 50 % by weight results in both moduli above 2 GPa (Fig 14 and 18)elanbss-
linking reduces them significantly (Fig 16 and 17). There was ans#mples prepared
with a different type of nanoHA particles, called Type 2. Tlssseples showed very low
moduli for bending and tension less than 8 MPa, and they got even &iteer
crosslinking. So, they got eliminated from the study due to thettlelmess and

incapability of achieving the desired scaffold.

So far, it has been further shown that the uniform dispersion of nanott wi
the polymer matrix improves the mechanical properties of taffosds. As well as
corsslinking, in the case of such dispersion. And since HA is &briimpound, over
loading of it, such in the case of 50 wt% load, contribute in a Id®&ading modulus
then 30 wt % loading. What suggest the liability of sample 2agang 30 wt % on

achieving the desired mechanical properties of the scaffolds in question.
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Figure 14: Comparison for bending modulus between all batch 1 sarbplere

crosslinking.
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(b) Tension Modulus before crosslinking for Type1-50-50
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Figure 15: Comparison for tension modulus between all batch 1 sarbpfese

crosslinking.
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(a) Bending Modulus after Crosslinking for Type1-70-30
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Figure 16: Comparison for bending modulus between all batch 1 samipdes a

crosslinking.
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Figure 17: Comparison for tension modulus between all batch 1 sarafikss

crosslinking.

For the new prepared samples, so called batch 2 samples, idynachanical
analysis (DMA) revealed the bending (Fig 18) and tensile m@Bigil1l9) up to 2.3 GPa
and 1.2 GPa, respectively, when nanoHA loading was around 10 % by weitgt. A
crosslinking these moduli went up to 4 GPa and 3 GPa respectively0har% load of
HA bending and tensile moduli were up to 1.28 GPa and 1.5 GPa, respeciivel
bending modulus increase by a factor of 1.6 after the cross-liokipglymer (Fig 20).
While the tension drop to about 150 MPa. NanoHA loading above 50 % by weight results
in bending modulus about 700 MPa and Tension modulus about 200 MPa (Fig 18 and
19), the cross-linking enhanced the bending up to 1 GPa while it didfect mifuch the

Tension (Fig 20 and 21).
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So far, it has been shown again that the uniform dispersinar@fHA within the

polymer matrix improves the mechanical properties of the aldaff As well as

corsslinking, in the case of such dispersion. And similar to batch flesnsample 3 (50

wt %) show brittleness, while sample 1 (10 wt %) and sample #130) showed good

bending and tension moduli.

Bending Modulus Before Crosslinking for Gel sample

2 5E9 3 \
3 (a)
2E9 \ (b)
o] . Bending Modulus Before Crosslinking for Typel 10-90
iy
== , o
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3 ]
=
5 1E9 -
m i
Bending Modulus Before Crosslinking for Typel 50-50
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22 24 26 28 30 32 34 36 38 40 42 44

Temperature, C°

Figure 18: Comparison between the Bending Modulus of all new samplese be

Crosslinking.
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Figure 19:Comparison between the Tension Modulus of all new sampfese be

Crosslinking.
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Figure 20:Comparison between the Bending Modulus of all new samftes a

Crosslinking.
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Figure 21: Comparison between the Tension Modulus of all new sarafies

Crosslinking.

The mechanical studies showed that the tension and bending moduli were affected
by the ratio of HA particles to quantity of gel in the samplue to the brittleness of the
HA particles. As well by crosslinking that improves the mecharpcaperties of the
scaffolds. And since the sample were tested in dry condition, it is expkateadl tmoduli
will drop a little bit in wet condition as shown by the study diomsited paper’f] and
tablel. This drop will make our moduli meet the human bone moduli ofitbe &igher

for better performance. As a reference, the peak contactesdrasnatural human joints
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during light to moderate activity typically range from 0.5-6 MBa mostin vitro

measurement3][*°] and up to 18 MPa by sonievitro measurement$j[*]

We can say as well for all samples that the stressidbeiavior was the same;
small increment at the beginning then undergoes a constant redadtion in slope.
Such behavior is usually observed in polymers that undergo consideraiskec pl

deformation {3, [*].

The gelatin did not show a final fracture; even with the aalditif

the brittle HA up to 50 wt %. The weird loop that appeared irbdraling graph for the
batch 1 samples did not occurred in the graph of the crosslinked samejtiger in the
bending graph for the batch 2 samples. This weird result waserdioned in any of the

data before, and the suggested scientific explanation, is to conttimifghenomenon to

the crystallization of polymer at that specific temperature.

As a summary, Gelatin / Hydroxyapatite (HA) compositesewabricated in a
porous structure through a novel combination of mixing, freeze-dryidgess-linking
processes. The followed method allowed the preparation of compasitiolds with
tailored composition and porous microstructure, with good porosity thad base
literature will meet the basic requirement to grow for new limsele and cell adhesion
in future implant application. Since it has been demonstrafgdHat human cells
proliferate well on gelatin scaffolds with anisotropic channel-like porgosityilarly to on
corresponding isotropic scaffolds of the same porosity. And as déatedsby the result
only sample 1 and 2 were close in their moduli to those of human borsgropte 1 (10
wt % load of HA) was dropped due to its morphological and struatesalt that did not

show the desired porous structure and porous network connectivity between the pores.
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CONCLUSIONS

Structural and Morphological Studies:

Freeze drying is a successful method to achieve porosity up to ®@hpore
diameter in the range of 20 to 300 micron, and pore wall thickness rartge of

3 to 10 micron..

30 wt % load of HA gave the best pore size up to 30 micron and porous
interconnectivity. According to literature such pore size shoudilittde cell
adhesion and biointegration in the future.

No phase change in the crystalline phase during processing, asuvpten of
strong P-O bonds in the HA particles.

Crosslinking had little effect on the structure and morphology of theypland

it did strengthen them mechanically.

Mechanical Studies:

Tension and Bending moduli are affected by the ratio of HA pestinn the
sample. Due to the brittleness of the HA particle30 wt % loadAofgave the
closest moduli in the range of the human bone.

Crosslinking affect the mechanical properties of these compa@fending on
the content of HA. For example it strengthen the moduli in sampiies30 wt %

HA, while it reduce them in samples with over 50 wt % HA.
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