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ABSTRACT
Calcium Phosphate (Ca-P) Ceramics are the materials
repairs due

of

choice

for skeletal

to their biocompatibility, and current Ca-P cements focus on

Calcium

Hydroxyapatite [HA, Cas(POa):(OH)] as the final phase. HA has similarify with natural
bone mineral however it has problems of low resorption rate by the body and inactivity

during the bone remodeling process.

Monetite [CaHPOa] and Brushite [CaHPO +.ZHzO] are known to be the two most
resorbable phases of biological importance at and around neutral pH values among all the

calcium phosphates (CaP), making those ideal candidates

for

bone/dental repair

applications. While brushite cements are already available in the market, according to our
knowledge, there have been no reports of bone/dental cements consisting of Monetite

only.

A

simple and inexpensive Monetite cement was developed using commercially

available calcium hydroxide [Ca(OH)2] powders as the only powder component. The
setting solution used a phosphoric acid [H3PO+J solution with some sodium bicarbonate
[NaHCO3] and citric asid monohydrate [CoHaOz.HzO] dissolved in it. The acidic setting
solution helped to neutralize the Ca(OH)2 only to the extent of forming Monetite.
The setting times of these cements were clinically acceptable and they maintained
a more or less neutral pH in various media. The formation of a thick and uniform apatitic

layer on the cement surface after soaking in SBF suggested that the cement displayed
excellent bioactivity. Cement samples were charactenzed by XRD, FTIR and SEM.
Compressive strength of the cement samples are also reported. In-vitro bioactivity and

biocompatibility using osteoblast cell cultures were carried out. The resorbability of the
cements was also studied with osteoclast cell culfures.

The most significant application of this material could be realized in craniomaxillofacial repair where current cements based on brushite and hydroxyapatite have

shown complications

of

fibrous tissue encapsulation and low bioresorbability,

respectively.
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I.INTRODUCTION
1.1

Introduction to Calcium Phosphates (CaP)
Ceramics, especially synthetic Calcium Phosphates (CaP) have been the materials

of choice for orthopedic/dental repair applications and continue to be so due to their
demonstrated biocompatibility. Ca-hydroxyapatite

[HA,

Caro(PO+)o(OH)z],

or

simply

called hydroxyapatite has been most widely used due to its similatity with natural bone

minerall't. Oth.r synthetic CaP which have found use in the biomedical field are tetracalcium phosphate [TTCP, Caa(POq)zO], tri-calcium phosphate [a-TCP, u-Ca3(pO4)2 and

B-TCP, 0-Cas(PO

q)zf

,

di-calcium phosphate anhydrous IDCPA, monetite, Ca]IpOal and

di-calcium phosphate dihydrate IDCPD, brushite, CaIIPO4.2HzOl and hence, they are
also called "Bio-Ceramics". Recently, Octacalcium phosphate [CasH2@O+)o.5HzO, OCp]
has been discovered as a metastable phase which also belongs to the CaP

famil/.

Table

1.1 shows the synthetic CaP's with their chemical formulae, CalP molar ratios and
solubility products. The different phases are listed according to increasin g CalP molar
ratios. With increase in the Ca/P molar ratio, the basicity of the phase also increases
because of the increased effect of the alkali Ca* ion

in the structure. As is seen from the

solubility product values, Monocalcium phosphate anhydrous [MCPA, Ca(H2pO+)z] and
Monocalcium phosphate monohydrate IMCPM, Ca(H2PO+)z.HzO] have the highest
solubilities in and around neutral pH values. Monetite and Brushite have solubility values

below those of MCPM and MCPA, but are still more soluble compared to OCp, TCp,
TTCP and HAa.

As is also seen from the table, HA is the most stable (least soluble) phase at and
around neutral pH values. MCPM, DCPD and OCP can only be synthesized under
aqueous conditions and at low temperatures since they have water molecules

in their

chemical formulae. TCP and TTCP can only be synthesized at high temperatures (in

of 800'C;5'6. All these CaP's are used as single phase or as a combination of one
or more of the above phases in the biomedical fieldt. Urr of polymeric or metal-oxide
excess

fillers in CaP matrix and vice-verra8 has been investigated by various researchers.

2

Coating metallice-r2 and polymericl3 implants with CaP has shown to increase their
biocompatibility. CaP materials and coatings have also been investigated as carriers for
anti-bioticsl4-16 or other agents such as bone morphogenic proteins (BMP)ti to increase

their bio-compatibility. MCPA and its hydrated form MCPM, although having the
highest solubility at and around neutral pH, are not of use as biomaterials due to their
high aciditya.
Table

1.1

Different CaP phases with their CalP molar ratios and solubility products

Chemical Formula

Name

CalP

Ca(HzPOa)z
Ca(HzPO+)z.HzO
CaHPO+

MCPA
MCPM
DCPA, Monetite
DCPD, Brushite

0.5
0.5

OCP
TCP (a and B)
HA, Hydroxyapatite
TTCP

1"33

CaHPO+.ZHIO
CasH2(PO+)o.5HzO

ca:(Po4)z
Caro(PO+)e(OH)z
Ca+(PO+)zO

1.0
1.0
1.5

r.67
2.0

-log Ksp
at 25"C
hiehlv soluble
hiehlv soluble
6.90
6.s9
96.6
25.5 and 28.9
s8.4
38.0

1.2 Development of Calcium Phosphate Cements (CPCs)

During the 1960s and 1970s, Posner and co-workers dedicated their research to
defining the mineral of bonel8. A number of studies were performed by these researchers
and various reports published by them led to a very good understanding of the structure
of bonel' 2' 18. According to them, bone is a very complex three dimensional structure

composed

of

organic and inorganic constituents. The organic constituent

collagen (TYPE

I)

is mainly

along-with certain organic acids like citrates and lactatesr?. The

inorganic constifuent is a continuously changing apatitic structure, the composition of
which varies according to location and age of an individual. Essentially,

it is a poorly

crystalli zed, carbonated apatitic calcium phosphate2o. At various places, the divalent Ca*

ion is substituted by other alkali ions like K*, Nu*, Mg*. Since HA or hydroxyapatite
resembles the inorganic part of bone,

.

repalr

2r.22

it was one of the very first treatments for bone

3

Bone repair is necessary due to a variety of reasons. Small or big fracfures create

voids or cracks which need filling up. Sometimes, cancerous bone tissue needs removal
and voids are created which need to be filled up. As mentioned earlier, HA implants in

the form of blocks or granules were the very first treatment for bone repair2l. These
implants were synthesized by high temperature processes which lead to dense, sintered

bodiess'". kt some cases, bodies were crushed and ground and subsequently used to fill
these defects.2a Gradually, their use for root canal filling and in other dental repairs also

HA was biocompatible and also attached to nafural bone. Cells could attach
and grow on these implantszT ' 28 . TCP [a and p] has a higher solubility product as
started25''u.

compared to HA which prompted its use as an implant for orthopedic repair applicatiorrs4'
29

These implants had limited applications due to incomplete
defect30. Due to this problem, the need

filling of the

bone

for a moldable self-setting implant which could be

either applied with the hand or injected using a syringe was realized3t'

32.

Brown and

Chow invented the first CaP self-setting cement, which could be used as a paste to

fill

the

bone defect, subsequently hardening in-situ to form HA3t'3'. The powder component of

this cement formulation was a mixture of TTCP and DCPA. In-vitro and in-vivo
experiments showed the cement to be biocompatible. Initially, the liquid component of
these cements was reported to be distilled water

(DI), however, it was later modified to

a

dilute sodium phosphate solution"''0. HA formation in cement formulations using TTCP
and other CaP was also demonstrated35'36.

Since the work of Brown

& Chow,

there have been reports of many CaP cement

formulations aimed at different final stoichiometries for various clinical applications.

al critically reviewed the most recent achievements in the field of CaP
cements". There are three main classes of CaP cements currently , (i) those which use

Bohner el.

TTCP3T'" a, the main component of the powder, (ii) ones using a-TCP3eA asthe main
component of the powder, and
cement powder. Barralet

&

(iii) those using p-TCP45'

ou

a, the main component of the

co-workers reported increased compressive strength values

(and decreased porosity) by compaction of pastes obtained using Brown

&

Chow's

4

recipeaT' The same authors reported increased
compressive strength values in apatitic
cements based on TTGP and o-TCP by chemical
additions to the liquid component of the
4e.
cement formulation48'
Ionic modification of caP cement viscosities also
lead to
improved strengths and injectability for apatite and DCpD
based cements with potential

use in fixation of implantss0-S2. Recently, Barrale t et.
al have also reported DCpD and
pyrophosphate cements using nanocrystallline hydroxyapatites3 , s4
and p-Tcpsi
respectively as the starting materials, for potential bone-replacement
applications.

Although HA based cements demonstrated good biocompatibility
and strength
post setting, their main problem was that these cements
did not possess bioresorbabilitys6,
st' As
is seen from Table 1.1 and shown by various studies,
HA has a solubility product
which is quite high, hence its decreased bio-resorbabilitya, 2e.
Lemaitre and Mirtchis8
invented a DCPD cement based on p-TCP as the main
component of the powder. This
cement demonstrated good biocompatibility in-vivoa6'tn.
MCPM5S,u0 or phosphoric acid6l
was used in combination with 9-TCP and the setting solution
consisted of de-ionized
water, NazHPOa solution or hyaluronic acid solution. Since
DCPD is a metastable phase,
known for its fast conversion to apatite in-vitro62, these
cements were much faster
resorbing compared to apatitic cements as shown by several
sfudies63-ut. In some cases,

it
was found that before getting resorbed, these DCPD cements,
after implantation,
converted to apatite, which reduced their rate of resorption.
Magnesium has been known
to be a strong inhibitor of apatite formation, and its incorporation
in DCpD cements
reduced their conversion to apatite in-vivo5a.

0-TCP, in combination with DCPD66 or DCP 63e, 67,6s is
known to have selfsetting properties to form ca deficient apatite (CDHA) as the
end product. A new class
of cements combining Calcium sulfate hemihydrate (CSH)un
or Calcium sulfate dihydrate
(CSD)70' 7r with a-TCP to form CSD and CDHA
as the end-prodcuts has also been
recently reported. Since CSD is similar in composition and
structure to DCpD, it may be
incorporated in the cement without appreciable loss of
strength while maintaining its
resorbabilityTt. Table 1.2 gives a list of some of the cpcs
currently on the market with
their final aimed stoichiometries.

Table 1.2

1..3

Some of the commercially availabie CpCs

Company

Cement Brand name

End product

Etex

o-BSM@

Apatite

Stryker-Leibinger

BoneSource@

Apatite

Biomet-Merck

Calcibon@, Mimix@

Apatite

Mitsubishi Materials

Biopex@

Apatite

Synthes-Norian

Norian SRS@/CRS@

Apatite

Synthes-Norian

ChronOS Inject@

Brushite

Kasios

Eurobone@

Brushite

CalciphOS

VitalOS@

Brushite

Bioactivity and Biocompatibility of CpCs

Biocompatibility is the most important issue for any biological irnplanti2.The best
way to evaluate the biocompatibility of any implant is by in-vivo testing, i.e. inserting the
implant into a living animal and evaluating its perfonnance for different time periodsao,6a.

Prior to in-vivo testing, biological implants are evaluated by in-vitro testing, i.e.
simulating the conditions inside the body completely or partiallyas' 73 . In-vitro
biocompatibilify evaluation of CPCs has been going on for the past two decades and there
are various preferred methods for performing an in-vitro brocompatibility evaluation.
Recently, the bioactivity of an impiant, especially skeletal/dental repair cements has
received tremendous importance as a properfyTa. Bioactivity refers to the ability of an
implant to take part in the remodeling process. In other words,

it is the ability of an

implant to interact with the surrounding environment on implantation inside the body and
allow growth of CaP-protein complexes.

Soaking an implant in Synthetic/Simulated Body Fluid (SBF) solutions is a very
conrmon way of evaluating the bioactivity/biocompatibility of a proposed implantr0,t2,s6,

tt. SBF solutions are
solutions that mimic the ionic concentrations found in human blood
plasmal2'ut. A., implant should be able to maintain its shape and integrity when immersed

in such a solution. Also, the implant should form a suitable site for deposition of Ca and

6

P ions in the form of CaP complexes from the ionic solutions, which would mimic
the
inorganic component of bone, further increasing its biocompatibilityT6,TT . Other solutions
apart from SBF are also used

to evaluate their effects on CPCs. Some of the most
conrmon candidates are Phosphate Buffered Salines (PBS)"'", cell culture solutions like
0-MEM and Serum solutionstu' tt. Bioactivity assertions
can be made in various ways.

One of them is to evaluate the surface under a Scanning Electron Microscope (SEM) to
see the morphological surface changes. Since the above mentioned Cap deposits have

specific characteristics, they can be identified easily under an SEM to assert the
bioactivity of a material. Another study performed is change in pH of a solution when
these implant materials are immersed

in the solutions

being studied7e.

An implant

material should not change the pH of the solution in which it is immersed significantly so
as to affect the cells around. In the current sfudy, we have investigated the effect
of our
cement on tas-SBFtt, o-MEM, PBS and an acidic SBF like solution. The weight losses of

the cement on immersion in these solutions were also assessed to determine their
resorbability in these solutions.

Resorbability of CPCs is also an important parameter. There are two kinds of
resorption in the body. One is macrophage resorption, which occurs when cells injest or
take up cement particles and are subsequently removed from the bodyus. This kind of
resorption usually occurs when particulates are present. The other kind of resorption is
osteoclastic resorption, which is more of a surface resorption8o-82. Osteoclastic resorption
occurs by formation of small pits on the surface of cements. This kind of resorption is

more significant for bone remodeling because post osteoclastic resorption, osteoblasts
arrive and deposit bone via the process of mineralization83.

Osteoblasts are cells which form bone

in the body via the process

of

mineralization and are the prime candidates to assess the in-vitrobiocompatibility of any
orthopedic material83-8s. Akaline Phosphatase (ALP) is an enzyme that marks cell

differentiation and mineralization and osteoblasts exhibit
Generally,

ALp

activrty2T, 28, 86,

87

it is considered that a higher ALP activity means a better biomaterial.

Titanium implants/foams have shown good biocompatibility in the sense that osteoblasts

7

attach to them and are able to proliferate and grow on themt8. Osteoblasts also show good

ALP activity when cultured on Titaniumss. Titanium implants coated with apatitic

and

other CaP have shown better biocompatibility compared to untreated Titanium surfacesse-

nt.

C.ttuin polymeric scaffolds have also been tested using osteoblasts and have been
found to be biocompatibleTe. As is the case with Titanium, polymers blended with
collagen or coated with apatitic CaPs have shown better biocompatibility compared to
neat or untreated poly*.rsnt. Usually, all CPCs are tested with osteoblasts to assess their

biocompatibility. Various studies have found that apatitic CpCs show excellent
biocompatibilitye3. The osteoblasts are able to survive and grow on them and maintain a
characteristic morphology when viewed under the SEM. However, certain apatitic CpCs,

like amorphous CaP cements have been shown to be toxic to osteoblastse3. This toxicity
was thought to be due to their dissolution and the resulting high mineral content in the
medium. Brushite based cements have not been thoroughly studied

for in-vitro

cell

culfure tests as apatitic cements have been. To our knowledge, there is no sfudy in which

Brushite CPC bodies have been used to culture osteoblasts. One study of importance
showed that ground Brushite CPC particles were, infact toxic to cellsea. The hypothesis
behind conducting a study with Brushite CPC particles was that since Brushite CpC was
a resorbable CPC, it would disintegrate to some extent when implanted inside the body.

Monetite is a material that has never been tested for its biocompatibility. Certainly,
Monetite based cements have also not been studied for their in-vitro biocornpatibility.

1.4 Disadvantages of

current CPCs

One of the shortcomings of apatitic cements is their limited resorbab 1qty in-vivo

making it unsuitable for certain applicationsa6'

5e' es' e6.

Another important aspect is that

apatite inhibits alkaline phosphatase (ALP) activity, which

is a marker of

cell

differentiation86'87 during mineralizatiorfT'28 and hence, is inert to the process of bone-

remodelling. DCPD cements have shown enhanced bioresorbability in-vivo63'e7, although
increasing the inflammatory response in some casesnu'

e8' ee,

which could be attributed to

their acidic nature. Another major problem with current cement forrnulations is that most
of them use a mixture of two or more chemicals as their powder component, which might
reduce their batch to batch reproducibility and shelf iifero0. As an example, p-TCp and

8

MCPM are the powder components of a DCPD cement. B-TCP is a basic CaP while
MCPM is an acidic CaP, thus, these two soiid phases tend to react even in presence of
small amounts of moisture. Low temperafure vacuum storage is required for these raw
materials. Such stringent storage conditions required for such cement fonnulations could

be a factor that might decrease their effectiveness in clinical settings.

A

cement

formulation based on a singie porvder component could alleviate these problems.

All current

cements are based on CaP starting materials

like TTCP or TCP which

can only be synthesized at high temperatures. These high temperatures cause sintering
and make the material dense, reducing their reactivity. Such dense, sintered blocks are

ground

to form powders, which are subsequently used in the cement recipes. The

grinding step can cause impurities to be incorporated in these raw-materials. Also, many
a times, the dense starting material remains as is

in the form of particles or granules even

after the cernent has set. Such dense particles or granules may lead to local differences in

resorption rates in-vivo since resorbability for such dense sintered blocks or granules is
less5'23.

1.5 Objectives of

current research

Ca(OH)2 containing pastes have been used as anti-bacterial agents and several

of

them are commercially available products, used in dentirtrytot' tot. The anti-bacterial
activity is thought to stem from its uptake of COz leading to bacterial

Ca(OH)z pastes

in

deathrO3. The

pH of

COz atmosphere decreases dramaticallyl02' 104 suggesting its

conversion to CaCOl. This conversion is accompanied by release of hydroxyl ionslol in

the environment, which might have an osteogenic effect according to some researchers.

Use

of

Ca(OH)2

in the cement

recipe is that recent studies show that Ca(OH)2, in

combination with Transforming Growth Factor-P (TGF-p) induces higher production

of

proteins and collagen in osteoblast (bone depositing/forming) cell culturesl0s. Many CaP
cement formulations use Ca(OH)2 as one of their components36' tou b.rt a CaP cement
using Ca(OH)z as the only powder component has not been reported before. Our cement

9

recipe consists

of a

single powder component,

Ca(OH)z powder, widely and

inexpensively available in the market.

tsrushite or DCPD cements are available

in the market; however, Monetite or

DCPA cements have not been studied or experimented with. Monetite was used as a raw
material for the very first CaP cement invented by Brou'n

&

Chow3l.

It has also been

suggested to be a possible precursor to apatite formation along-with DCPD
tissues. DCPA is a very stable material in de-ionrzed water at 37

apatitic

fiim on its

surfacelOt b.rt converts

"C on account of

to apatite very easily in

solutions at a slightly elevated temperature

of 95-100 ogll0' llr. It

solubility ata neutral pH in physiological solutions36'

r12

in skeletal
a

thin

carbonatedlo8,

lOe

has a very high

and stimulates apatite formation

in Synthetic Body Fluids (SBF). Increased pH values also lead to hydrolysis of DCPA to
form apatitell' l13. DCPA coatings on Titanium implants converted to apatitee, ll, making
this a novel technique to coat implants with apatite for increasing their biocompatibility.

Results from our laboratory also indicate that DCPA additions
significantly increase their mechanical properties

I

to CSD

cements

la.

Hence, even though DCPA has been an important biomaterial for orthopedic
applications, to our knowledge, there have been no reports of self-setting CaP cements
based on monetite as their end-product.

A

special mention should go to the work

of

Bohner et. al, who found DCPA as an impurity in their DCPD cement since the aim was
to form DCPD45. We have a cement recipe, which, on setting forms monetite.

Our cement recipe uses commercially available Ca(OH)2, which is not subjected
to high temperatures during synthesis and is a very porous, fine powder. Another novel
aspect about this cement is that all of the

"P" required for the reaction comes in from the

setting solution. So, in essence, this is an acid-base reaction. O-phosphoric acid (H3PO+)
used for the seffing solutions is also available commerciatrly, and hence, this cement could

prove to be a very cheap, off the counter biomaterial. Sodium bicarbonate (NaHCO:), to
increase the pH of the setting solution, and citric-acid monohydrate (CAM) to improve
the handling of the final paste are the two other components of the setting solution, along-
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with de-ionized HzO. This recipe could serve as an inexpensive robust technique to
obtain DCPA based CaP cements with a wide range of applications.

The cements have been charactenzed using various techniques like Fourier
Transformed Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD) and Scanning
Electron Microscopy (SEM). The setting time, i.e. the time it takes the cement to harden

attaining a certain minimum strength was also evaluated. Compressive strength of the
cement after setting was also determined. Biocompatibility assessment using osteoblast

cell culfures is reported in this study. Osteoclasts were also cultured on cement surfaces
along-with suitable control materials to assess the formation of resorption pits on these
surfaces, which would give an idea of the ability of the cement to take part in the bone

remodeling process.

II - MATERIALS AND METHODS
2.1 Starting powder

The powder component (P) of the cement consisted solely of Ca(OH)2 (>95o/o,

Fisher Scientific, Fair Lawn, NJ), and

it

was used as-received

without any further

treatments or additives.

2.2 Setting solutions
Setting solutions (^9,$ for the cement samples were prepared by mixing different
reagents with de-ionized water (DI, Millipore, 18.2

prepared; (a) SS-1 solutions were prepared
H3POa, Fisher Scientific, Fair Lawn,

MO) Three setting

solutions were

by adding orthophosphoric acid (86.20A,

NJ) into DI. SS-2 solutions were formed by adding

H:PO+ and sodium hydrogen carbonate (>99.7%, NaIICO:, Acros-Fisher Chemicals, Fair

Lawn, NJ) into DI, and (c) SS-3 solutions contained only a smali amount of citric acid
monohydrate (CAM, L00yo assay, CoHsOz.HzO, Fisher Scientific, Fair Lawn, NJ) in
addition to the ingredients used in SS-2.
beakers and the order

All setting solutions were prepared in clean glass

of addition of each reagent (starting from left to righ| and their

amounts are as shown in Table 2.1. Setting solutions were stored in tightly-capped glass

bottles. Throughout this study, the pH stability of the setting solutions was monitored
over a period of 6 months.

Table2.I
Setting solution
SS.

Preparation of setting solutions

CAM (e) NaHCO: (e)

HzO (rnl,)

I

T2

SS-2a (15 mL)
SS-2b
SS-2c
SS.2d
SS-2e
SS-3 (15 mL)

H:PO+ (mL)

3

T2

J

3

I2

4

3

l2

5

J

6

J

6

-t

1
-l

0.0032

a

J

t2
t2
T2

l2
2.3 Cement Synthesis

Cement pastes were prepared by intimately mixing the setting solution with a
specific amount of Ca(OH)2 powder in an agate mortar by using an agate pestle. The

mixing ratios of Ca(OH)2 and the setting solution were decided according to the Cap
molar ratios to be achieved in the final pastes. Since the goal of this study was to produce
CaHPOq-based pastes or putties and to avoid the formation of apatitic calcium phosphates
as much as possible,

only the CalP molar ratios of 0.9, 0.75 and 0.5 were studied. In a
typical paste formation experiment for a nominal final CalP molar ratio of 0.9 and a Llp
ratio of 1.86, 1.235 g of Ca(OH)z was first placed in the mortar.

A

1.5 mL aliquot of the

citric acid containing setting solution (i.e., SS-3) was taken in a vial and 0.8 mL of DI
(column # 2 of Table 2.2) was added to the setting solution already in the aliquot which
gave a total volume of 2.3 mL (1.5 + 0.8).The vial with the setting solution and DI was
shaken

for 30 seconds after which, it was added to the Ca(OH)z powder in the

agate

mortar. After waiting for around 20 seconds, agate pestle was used to manually mix the
powder and liquid which gave a paste like substance at the end of 2.5 to 3 minutes. Such
a technique gave us the ability to make cement samples with difftrent liquid-to-powder

(LiP) ratios, where L denotes the setting solution * amount of de-ionized water. pastes of
this study were prepared according to the exhaustive parameters reported in Table 2.2.
Setting times in minutes of all the cement pastes tested are given in the results section.

2.4 Setting time measurements

Initial
a home-made

(t1) and

final (tp) setting times of cement samples were determined by using

Gillmore needle apparatus. The Gillmore apparatus was prepared by fiiling

lead shots (-15 mm length) into polypropylene centrifuge tubes (28

X

115 mm, Corning,

NY) and precisely adjusting the total weights (i.e., shots + tubes) according to the
American Dental Association specification no. 6lrrs (115.12 gfor the lighter needle and
453.6 g for the heavier needle). Allen wrenches (10 cm long) were machined to circular
diameters

of 1.02 mm for the heavier needle and 2.01 mm for the lighter needle. pastes

were pressed using light hand pressure between two glass slides to form a flat sample as

l3
much as possible, and these were used for the setting time measurements. t1 was recorded
and registered as the time in minutes when the light needle did not leave an indentation
deeper than

I mm on the cement surface, and tp was the time in minutes when the heavy

needle failed to leave an indentation deeper than

Table 2.2
Setting solution

(mL)
SS-l

- 1.0 mL

DI
(mL)

Ca(OH)2
(e)

LIP

4.2
0.8

0.987
0.987
0.987
0.822
0.822
0.822
1.096
1.096

1.21

0.0
0.5

-

2.0 mL

0.7
0.0
0.3

SS-2a

-

1.5

mL

a(
a3

mL
:- 1.5 mL
SS-2d: 1.5 mL
SS-2e : 1.5 mL

SS-2b
SS-2c

SS-3

1.5

:

1.5 mL

CalP

Mixing time
(rnin)

r.82
2.02
r.21

0.90
0.90
0.90
0.7 s

t.82

0.7 s

2.06

0.7 s

t.82

0.s0
0.s0

2.09

0.2
0.4
0.6
0.8
0.8
0.8
0.8
0.8

1.235
1.235

1.54

t.235

1.70

1.235

t.235

1.86
1.86

1.235

1.86

t.235
r.235

1.86
1.86

0.2

1.235
1.235

t.37

t.37

0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90

min
15 min
10

4 min

2 min*
3 min

1.5

min

2 min
3 min

0.90
0.3
1.45 0.90
(a
0.4
r.235
1.s3 0.90
0.5
r.235
I .61
0.90
I min
0.6
1.235
1.70 0.90
2 min
a(
0.7
t.235
1.78 0.90
2.5 min
a(
0.8
1.235
1.86 0.90
3 min**
(3
0.9
1.235
t.94 0.90
5 min
denotes no setting behavior observed, i.e., either too sticky or too fluid
* : optimum recipe using SS-2
** : optimum recipe using SS-3
3(

3a

aa

-

surface.

Preparation of pastes

1.0

SS-l

I mm on the cement

t4
2.5 Charactertzation

Ca(OH)z powders were characteized

by using fourier transformed

spectroscopy (FT-IR, Nicolet 550, Thermo-Nicolet, Woburn,

infrared

MA), x-ray diffraction

(XRD, XDS-2000, Scintag, Sunnyvale, CA, Cu IQ-tube), inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Model 61E, Thermo Jarrell Ash, Thermo
Electron, Madison WI) analyses and scanning electron microscopy (FE-SEM, 5-4700 and

S-4800, Hitachi). Setting solutions were also characteized by using FT-IR analyses.
Prior to the IR scans, a small drop (as a thin film) of the setting solution was placed on an
IR-grade KBr pellet. Number of scans used for each spectrum was I 28 at a resolution of
4 cm-I.

Cement pastes were cured at 37IloC

in 25*5% humidity atmosphere which was
measured using a hygrometer (Taylor) for at least 36 h before performing any kind of
characterization. Phase identification in cured cement samples was perf,ormed by powder

X-ray diffraction. Cured cement samples were crushed and ground in an agate mortar for
5 minutes. The powder obtained was fiiled in a quartz sample holder and taken for XRD
scans at 40

kV and 30 mA with a step size of

0.02o 20. To ascertain the phases forming

immediately after cement paste preparation, SS-2 and SS-3 cement pastes were pressed

directly into XRD sample holders immediately after preparation, and the rest of the
procedure followed as described above.

FT-IR analyses were performed on powdered cement samples by Attenuated
Total Reflection (ATR) method on powdered cement samples, using a diamond ATR
window. Morphology of the cement samples was studied using SEM. Set an6 cured
cernent samples (0.5 inches in diameter) were placed on carbon taped aluminum stubs,
coated with Pt for 2 minutes using a Pt spuffer coater (Hummer 6.2 sputtering system,
Anatech Ltd., MI). ICP-AES analyses were performed on set and subsequently powdered
cement samples to precisely determine the Ca{P molar ratios and to monitor the level

of

any impurity elements. Concentrated nitric acid (HNO:) was used to digest samples
weighing 0.5 g for the analyses.

I

15

2.6 Aqueous stability of cement samples

Set and dried cement samples (36

h at 37+l"C) were immersed in a modified

Phosphate Buffered Saline (r-PBS). This ru-PBS recipe was developed by us and is

given in Table 2.3. This recipe is different from several other recipes used by previous
researchers and was necessary for this sfudy78'ttu. Since in our case, an evaluation of Ca2*
and Na* ions leaching out of the cement

(if any) was needed, we did not want

these ions

to be present in PBS.

Table

2.3

Preparation of 1 liter n-PtsS

Order
I
2

Material
KCI
MgClz.6HzO

Amount (s)

Concentration (mM)

10.48
0.101

(K-)
0.5 (Me'")

3

K2HPO+

4

KI{zPO+

t.567
0.197

9.0 (HPO+'-)
1.4 (HzPOa-)

140.5

Carefully weighed (to the third digit after the decimal point) cement samples were
immersed in 50 mL of ru-PBS

for 1,3,5 andT days. Soaking was carried out in tightly

capped glass media bottles (Fisher Scientific,06-423-38, Fair Lawn, NJ) and pH of the

medium was measured during the soaking period.
samples were removed from the solutions, washed

hours

in polyethylene

At the end of each soaking period,

with 1 L of DI, dried at37*1oC for

36

cups (Fisher-scientific, Fair Lawn, NJ) and then accurately

weighed prior to grinding into a fine powder for the consecutive ICP-AES analyses. The
aqueous stability of the soaked samples was evaluated by visual inspection at the end

of

the soaking intervals.

2.7 Determination of the acellular bioactivity

Cement discs (125 mm diameter, 3 mm height) were soaked in Synthetic Body

Fluid (SBF) solutions for a period of 8 days to evaluate their apatitic calcium phosphate
(CaP) inducing ability. SBF solutions

of this study were prepared according to

the

formulation suggested previously by Tas et al. and the details of SBF preparation were

given in Table 2.4vs. The tris-hydroxymethylaminomethane [tris, (CH2OH)3CNH2]
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(lx SBF) solution contained 27mM (same as the human blood plasma)
ions, 125 mM Cf ions, and had a pH value of 7.40. The concentrations of

buffered SBF
HCO:-

in SBF solutions were exactly similar to those of human plasma. In a
separate experiment, ion concentrations in SBF were multiplied by a factor of 1.5 to

remaining ions

prepare the 1.5x SBF solutions (see Table 2.4), and cement soaking

in 1.5x SBF was also

carried out to compare the apatitic CaP inducing ability of these solutions with that of l x
SBF. 250 ml-capacity, tightly-capped glass media bottles (Fisher Scientifi c, 06-423-38,

Fair Lawn, NJ) with one sample per bottle were filled with 75 mL of either

lx SBF or

l.5x SBF solution. The SBF (or 1.5x SBF) solutions were fully replenished at every 48 h
(i.e., after

2,4

and 6 days) and the SBF-soaking was continued

for a period of eight days

at 37+1"C. pH of the solutions were measured at 24 h intervals throughout the entire
soaking period. At the end of the specific soaking times, samples were rinsed with l0 mL
z-PBS twice, then washed with

4L

of de-ionized water, dried in air for 48 h at 37+l'C.

Sample surf,aces were imaged with SEM. XRD data were collected directly from the
surfaces of the coated samples by placing them in XRD sample holders to confirm the
phase(s) of the coatings.

Table
Order

Reagent

2.4
1x
SBF

Weight
(e)

Preparation of
1.5

x

Ion

I

NaCl

6.547

NaHCOT

3

KCI

2.268
0.373

9.820
3.402
0.556

4

NazHPO +.ZHzO

0.141

0.21

5

6

MeClz'6HzO
CaClz.Z\fzO

0.305

7

NazSO+

0.071

8

(CHzOH)rCNHz

6.057

0.457
0.5s2
0.1 06
9.08s

I

1x

1.5 x

SBF

SBF

(mM)

(mM)

Human
Plasma
(mIvI)

Na*
HCOr-

112

2t3.0

t42

cl'

t25

40.5
87.5

103

KMgt*

5

7.5

5

SBF
Weight
(e)

2

0.368

I liter SBF solutions

2t

r

27

1.5

2.25

1.5

Ca'*
HPO+'-

2.5

3.7 5

2.5

I

1.5

I

SO+'-

0.5

0.7 5

0.5

L7

2.8 Compressive Strength measurements

Cylindrical samples with an aspect ratio (length/diameter) of -2.0 were prepared
using a teflon mold. Cylindrical holes 12.7 mm (-0.5 inches) in diameter and 25 mm in
length were drilled into a Teflon block. Briefly, the paste was first pushed into the Teflon
mold by hand and allowed to cure inside the mold. After 20 minutes, cylinders; 24 + 0.05
mm long with a diameter of 12+0.02 mm were ejected out of the molds. These cylinders

were incubated in 25+5% or 100% humidity environment at a temperature of 37+1"C.
The

o/o

humidity in the oven maintained at 37+loC was measured using a commonly

available hygrometer and was found to be 25+5o/o for the period

of curing. Cylinder

samples were placed on a Teflon@ platform measuring 5 cm in height. This platform was

immersed in a beaker filled with

DI in such a way that the DI did not come in direct

contact with the cured cement cylinders. The top of the beaker was sealed with Parafilm@

to avoid any loss of moisture. This system was considered to be at l007o humidity. post
incubation period, cylinder dimensions were carefullly measured using a digital caliper.
Compressive load vs compressive extension plots were obtained using a SATEC-300 DX

universal testing machine (Instron, Norwood, MA) operated with a 4,500 kg load cell. A
crosshead speed

of 0.5 mm/min was used during

these experiments. Peak load in
compression (PL) and diametral tensile strength (DTS)tl7' ll8 were measured using the
following equations.
PL

:

P/(Area of cross-section of cylinder)

DTS :ZPlndh

(

1),

(2),

where P is the peak load, d is the diameter and h is the height of the cylinders.

2.9 Dissolution of cement

The stability and dissolution

of cement samples were tested by using four

different solutions. These four solutions used were (a) phosphate buffered saline (PBS),
(b) synthetic body fluid (SBF)75, (c) alpha minimum essential medium (u-MEM, Sigma-

Aldrich, St. Louis, MO) and (d) citrate acidified SBF-free of Ca and P (hereafter called as
citrate-SBF).

Preparation of

Table 2.5

I
2
a

J

I liter

Material
NaCl

Amount (e)
4.5

77

NazHPO+
KHzPO+

7.1 83

26.79

t.79

13.15

PBS

Concentration (mM)

PBS was prepared according to the recipe given in Table 2.5 and SBF was
synthesized according to the recipe given by Tas et. alTs and as shown in Table 2.4. a-

MEM contained 2 mM l-glutamine and

1

and deoxyribonucleosides, augmented

by l0% FBS. Citrate-SBF

reagents used

mM sodium pymvate without ribonucieosides
contained

all

the

in StsF except the Ca and P containing chemicals. pH of this solution was

brought down to 4.2 by using CAM. This solution was prepared as described in Table
2.6.

SS-2 and SS-3 cement balls were prepared as previously described. After curing

them as described previously, they were crushed and ground in an agate mortar for at

least 10 minutes

to

get fine homogeneous powder samples. The powdered cement

samples were then immersed

in 50 mL of solutions for 36 and 72 h. The soaking was

canried out at 37+1'C in tightiy capped glass media bottles (Fisher Scientific,06-423-38,

Fair Lawn, NJ). pH values of the media were monitored during the soaking period. At the
end of the soaking periods, samples were removed from the bottles, washed with

I

DI two times, dried at 37+l'C for 35 h and then weighed to determine the weight loss.

Table

2.6

Preparation of 1 liter pH 4.2 citrate-SBF

Order

Reagent

4

NaCl
NaHCO:
KCI
MgClz-6H:O

5

CoHsOz.HzO

1

2
a

J

Weieht (e)
6.547
2.268
0.373
0.305
3.000

liter
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Calcium hydroxyapatite (HA, Caro(PO+)o(OH)2, Alfa-aeser) powders were fired at

1000'C for 6 h. These HA powders were used as control samples for this study. Pre
weighed SS-2 cement, SS-3 cement and HA powders were used in all of the tests.

2.10 Cell culture with rat osteoblasts

7F2 rat osteoblast cells (CRt-

L2557

,

American Type Culture Collection,

Rockville, MD) were grown on 75 cm2 culture flasks at 37"C

and,

5oh COz in alpha-

2 mM l-glutamine and I mM sodium
and deoxyribonucleosides, augmented by 10% FBS.

minimum essential medium (a-MEM) with
pyruvate, without ribonucleosides

The culture medium was changed every other day until the celis reached a confluence of

with an inverted microscope. The cells were then
passaged using trypsin (2.5 glL)l EDTA (25mM) solution (Sigma-Aldrich Corp., St.
90-95oh, as determined visually

Louis, MO, USA). The obtained cells were then seeded at a concentration of 3500
cells/well for various assays. Cement (SS-2 and SS-3) pellets measuring 12 mm in
diameter and 3-4 mm in height were prepared using a teflon mold only with light hand
pressure. After curing at 37+loC for 36 h, some of the pellets were crushed and ground

into a fine pou'der in an agate mortar.

Powdered cement sampies were used for subsequent tests where pure monetite
(CaHPOa,

>

98Yo,

JT Baker, Phillipsburg, NJ), brushite (CaHPOa,.2HzO) and calcium

hydroxide Ca(OH)2 powders were used as controls. For the sake of comparison, pellets of

HA prepared according to the method reported in the previous section were also used for
all the analyses. Such a method also allowed the cornparison of powdered samples versus
peileted samples. Cell viability and alkaline phosphatase activity were measured after 72
h. Statistical sample size (n) w'as 8 for all the tests.

The cell viability

assessment

was performed using

Live/Dead@

Viability/Cytotoxicity Kit tL-3221, Molecular Probes, Eugene, OR). The fluorescence
values at 4941517 nm for live cells and 5281617 nm for dead cells were recorded. The
measured values were then compared with the standard curves (obtained

by

seeding

different number of cells in separate wells
of a well plate) and then the count of
cells, live
and dead' was obtained' The alkaline phosphatase
activity was determined using the
aikaline phosphatase concentration and the
cell extracted protein concentration. The
alkaline phosphatase concentration was determined
using

Enzymatic Assay of
Kit (EC 3.1.3.1, Sigma-Aldrich corp., St. Louis,
Mo) and was
expressed as prg-pNPP/ml' The cell extracted
protein concentration was determined
in a
fwo-step procedure, first th protein was extracted
using M-pERrM Mammalian protein
Extraction Reagent and then this extracted protein
was measured using BCArM protein
Assay Kit' which was expressed as pglml.
The alkaline phosphatase activity was
then
calculated using the alkaline phosphatase
concentration and cell extracted protein
concentration' as follows:
[(pg pNPP)i I 39) lpg(cell extracted protein)
pmoles pNpp/
Phosphatase Alkaline

pg cell protein.

-

osteoblast attachment on pellets was examined
using sEM (FESEM; 5-4700,
Hitachi corp', Tokyo). Prior to sEM investigations,
cells were fixed using 4.5%
glutaraldehyde in a cacodylate buffer (pH
- 7 .4).osteoblasts were dehydrated through
sequential washings in 50yo, 70yo, 95% ethanol
solutions and 2 times in lx[yoethanol.
samples were then critical point-dried according
to previously published techniques,,,
and sputter-coated with a thin layer (few nanometers
thick) of pt prior to the sEM
imaging' Pellets of HA, ss-2 and SS-3 cement
were also incubated in media only to
compare the morphological changes. The media
from all samples was taken out and
stored at '20"c before further analysis. Hydroxyproline
quantification of media from
each sample was carried out to confirm the
synthesis of coilagen by the osteoblasts.
Two
ml of media was used for each measurement and the
procedure used was one reported
previously"'t'o .

2.ll

CeIl culture with rat osteoclasts

In-vitro bioresorbability of the cement samples
was assessed by osteoclast cell
culture' osteoclasts were isolated using the following
technique. Femurs and tibia were

obtained from neo-natal sprague dawley rats.
Residuar tissue was cleaned from bones
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asepticaily in a laminar flow hood. Ctreaned bones were placed in a sterile Petri dish
containing Iscove's medium (12200-0036, Sigma-Aldrich Co.p., St. Louis,

MO).

The

bones were clipped above and below the joints with steriie bone cutters. Bone marrow
space was flushed with Iscove's medium

Sigma-Aldrich, St. Louis, MO) and

I Y'o

with

1,0% fetal

bovine serum (FtsS, F9665,

antibrotic/antimycotic (Ab/Am, A5955, Sigma-

Aldrich, MO) using 3 mL syringes into a fresh sterile Petri dish. The flushed cells and
medium were then transferred to a 50 mL centrifuge tube through a 40 ;.rm nylon cell
strainer (BD-352340, Fisher Scientific, Fair Lawn. Ni). The cells were then pelleted at
1200 rprn

for 10 minutes and resuspended in 20 mL fresh meCium (Iscove's medium).

Cells were ttren layered in 8 mL suspensions onto 3 mL of Ficoll-Paque (17-1440-02,
Amersham Biosciences,Piscataway, NJ) in sterile 15 mL centrifuge tubes. The gradients
were centrifuged at 1400 rpm for 30 minutes at 25"C. The rnononuclear cell layers were
collected into one 50 mL centrifuge tube and resuspended in 50 mL fiesh rnedium. Cells

were counted, pelleted again, resuspended, and then transferred to sterile flasks (T-75,
Corning, Big flats, NY) with osteoclast culture medium and incubate d. at 37"C with 5%

COz. Fresh rnedium was added
rnedium consisted

of

(-6 nlL,T-75

flask) after 5-7 days. Osteoclast culture

all-trans retinoic acid (R2625, Sigma, St. Louis, MO) and

dihydroxyvitamin Dr (D1530, Sigma, St. Louis, MO) added in l0-6 M concentrations to
Iscove's modified culture medium with l0% FBS and 1% AblAm. The culture medium
was filter-sterilized before adding it to cell suspension.

After two weeks, tartarate-resistant acid phosphatase (TRA.P) staining was
performed by using an acid phosphatase kit (386, Sigma Diagnosrics, St. Louis, MO).
The standard procedure described in the kit was followed to stain the cells, which were
then observed using an optical microscope at lOX magnification.

After confirming the nature of the cells to be osteoclasts, they were seeded at a
density of 5000 cells/well in a 24 well cell culture plate (Coming-costar, Corning, Ny).

For the tests, SS-2 and SS-3 cement samples were prepared in the form of discs
measuring 12 mm in diameter and 3-4 mm in height as described previously. HA and Btricalcium phosphate (B-TCP, p-Ca3(POa)2, Fluka Chemicals, Sigma-Aldrich, St. Louis,
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MO) served

as the controls. Pellets pressed at 703.069 kglcmz were used

in both

cases.

HA pellets were sintered at 1000oC for 6 h, p-TCP pellets were sintered at 1200.C for 8
h, followed by a slow cooling from 1200"C to 800oC in 12 h to avoid the quenching of
any of the high-temperture CI,-TCP phase. Three samples of each rnateriai were used.
Following the cell seeding, cement and control samples were incubated for 3 d. After
incubation period, sarnples were taken out, and the cells were fixed using 4.5%
glutaraldehyde

in a cacodylate buffer (pH 7.4). Dehydration in

graded ethanols was

carried out, samples were critical point dried and subsequently, SEM images were
captured to locate possible erosion pits on the sample surfaces.

ilI

- RESULTS

3.1 Characterization of starting materials

Particle size and shape distribution
evaluated

of the starting Ca(OH)2 powders were

by SEM rnicrographs, as shown in Figure 3.1. The mean particle size of

Ca(OH)2 powders was found to be 2-10 pm. These Ca(OH)z particles possessed a layered

microstructure (Figure 3.1b &d). ICP analyses performed on the starting Ca(OH)z
powders gave results as shown in Table 3. I . Figur e 3 .2 shows the tlpical FT-IR
spectra

of the two reactants used in paste preparation. The upper trace is that of ca(oH)2
powders, and it shows a well-defined sharp band at around 3641cffi-I, corresponding
to
the OH- ions in Ca(OH)2. R small amount of carbonate was also present in the starting
powders, due to the interaction of Ca(OH)2 with the atmospheric COz during
the room
temperature storage of the powders in their container. The lower trace belongs
to the
setting solution (SS-3) and it shows broad bands corresponding to the HzpO+- and
HspO+

ions. SS-3 solutions contained a high concentration of Na* ions, which facilitated
the
convertion of H:PO+ into HzPO+-. The addition of NaHCO3 into the setting solutions
(during their preparation) caused the formation of COz gas bubbles. The pH
of this
setting solution (i.e., SS-3) was 0.25 + 0.01 at 24"C and remained stable over a period
of
6 months.

Table

3.1

ICP analysis of starting ca(oH)z powders.

Element

Ca

P

K

Me

S

wtoA

54.62

0.02

0.01

0.26

0.04
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Fig. 3.

I

FE-SEM micrographs of Ca(OH)z starting powders,
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Table 3.2 shows the FT-IR band assignments for the setting solution.
Since the
FT-IR spectra were obtained under ambient conditions, atmospheric COz (-243g
cm-l)
interacting with the IR beam also showed up in the spectrum along-with the
water band at
1648 cm-t. In the case of Ca(OH)2 powders, ATR FTIR was performed,
and hence, we

d.o

not see the atmospheric COz for that IR trace.

Table

3.2

FT-IR band assignments for the setting solution.

Ion groups
H2POa

HrPO+

qaqd assignments
1_213,_1_1!6, 1077 , 944, 879:t
!17 4, 1 006, BtO c;=l

ld

3.2 CaHPOI Phase development

Preliminary experiments were started by kneading Ca(OH)z powders with
a
setting solution (i.e., SS-1 of Table 1.1) containing onlyH3PO+ and DI. The
rnotivation in
these preliminary experiments was to deterrnine the conditions of Cap phase
development and to check the consistency of the pastes or putties obtained using
different
CalP ratios. Table 3.3 shows the phase(s) obtained when employing Ca4, molar
ratios of
0.5,0.75 and 0.9. FT-IR spectra of the SS-1 pastes are shown in Figure 3.3. Different
L7p
ratios were used during these set of experiments and the traces shown in Figure
3.3 are by
using an L/P ratio

of 1.862, although all other L/P ratios tested led to the same resultant

phases.

Table

3-3

Ca/P molar

Phases obtained

with SS-1 solutions at different Calp molar ratios.
Phase(s) obtained

ratio
Monetite [CaHPOo] as the major phase +
Ca(H2PO q)z.Hz?
Monetite [CaHPO+] as the major phase + ir.r"*
Ca(Ftr2PO q)z.HzOl com
to CalP molar ratio of 0.9
Uq$4 [Ca(H2po+)z.Hzo
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Fig. 3.3
FT-IR spectra of samples prepared by SS-1 solutions at different Ca/p
molar ratios of 0.9 (top), 0.75 (middle) and 0.5 (lower).
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Fig.

3.4

0.5(d,e&0.

FE-SEM rnicrographs of samples with Ca/P molar ratios 0.9 (a,b & c) and
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As seen from the IR traces, at a CalP molar ratio of 0.9, a small amount of MCpM
is also obtained with Monetite as the major phase. The amount of MCpM increases in
using a CalP molar ratio of 0.75 when compared to CalP molar ratio of 0.9 as seen from
the presence of bands like the one at 957 cm-l which were not seen when using a Calp
molar ratio of 0.9. Figure 3.4 shows the SEM rnicrographs of sampies obtained by using
CalP molar ratios of 0.9 (3.4a,3.4b and 3.4c) and 0.5 (3.4d,3.4e and 3.4t) with the SS-l

setting solutions. Figure 3.4b and 3.4c show a bi-phasic (one phase growing on top of
another) mixture of Monetite and MCPM while Figure 3.4d shows single phase MCpM

FT-IR (Figure 3.3). Using a setting solution containing only H:PO+ and

as confirmed by

HzO resulted in the presence of MCPM [Ca(HzPO+)z.HzO] in all the Calp ratios studied

although the amount of MCPM decreased on increasing the CatP ratio as seen from the

FT-IR spectra (Figure 3.3).The pH of SS-l setting solutions were outside the measuring

of any pH-meter (i.e., highly acidic). Since the lowest amount of MCPM was
observed when the Ca/P molar ratio was equal to 0.9, and the CalP molar ratio of

range

Monetite

is l,

therefore,

all subsequent experiments with the Ca(OH) z

and setting

solutions were performed at the CalP molar ratio of 0.9.

Figure 3.5 showed the XRD traces of two paste samples (data collected after
curing those at 37"C) prepared at a CalP molar ratio of 0.9, by using two different L/p
ratios. Lowering the L/P ratio caused a significant increase in the MCPM amount, a fact

also confirmed by FT-IR (Figure 3.6).
substance was

At the higher LiP ratio of 2.02 the resultant

a slurry and it did not possess any self-setting properties at room

temperature even after 4 h. On the other hand, L/P ratio

sticky putty.

All

of 1.2 led to the formation of

a

intermediate LIP ratios between L.2 and 2.02 gave rise to pastes or

slurries containing MCPM (Figures 3.5 and 3.6), which were either too sticky or fluid
and cement like behavior was not observed.
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FT-IR spectra of samples obtained with aCalP molar ratio of 0.9 and LiP
ratios of (A) 2.02, (B) 1 .62, (C) 1.41 and (D) 1.21.
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Fig. 3.7
FT-IR spectra of samples obtained using different amounts of NaHCO3 in
setting solution (A) 0.066 glnL, (B) 0.200 g/ml, (C) 0.266 g/ntL, (D) 0.333 g/ml, and
(E) 0.400 EmL.
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Addition of NaHCO3 to SS-l increased its pH. This setting solution was denoted
as SS-2. Different concentrations of NaHCOs

in SS-2 solutions were studied,

starting

from 0.066 glmL to 0.400 glntL, which had a pH of 0.25. Figure 3.7 shows the FT-IR
traces of phases obtained using varying amounts of NaHCOI in SS-2 at a Ca/P ratio of
0.9 and L/P ratio

of 1.862. Addition of 0.06 glmL of NaHCO: in

SS-1, i.e.SS-2a, was

successful in removing any trace of MCPM from the final mixture and yielded single

phase Monetite (CaHPO+).

With funher increments of NaHCO: in SS-2, aparite

formation along-with Monetite was observed in the final rnixture. The pastes formed by
using SS-2 setting solutions set to form shaped bodies, therefore, SS-2 solutions with
Ca(OH)z formed self-setting cement pastes. For further analysis and characterization,
samples with 0.066 glmL and 0.400 g/ml. NaHCO, (i.e. SS-2a; terrned simply as SS-2

from hereon and SS-2e) from Figure 7 were selected. This selection was based on the
phase formed in A, i.e. pure monetite and the optimum properties of the paste (clean,
non-sticky, consistent handling in between the gloved fingers) found in sample E.

3.3 Setting time of cements

The setting time of a cement paste is a very important parameter, and was
evaluated for all the recipes, results for those are shown in Table 3.4. No setting behavior
was observed when SS-1 was used as the setting solution. Moreover, using SS-2 as the
setting solution, no setting behavior was observed for higher L/P ratios
1.86. An L/P ratio

like 1.78 and

of 1.54 with SS-2 gave cement like behavior to the pastes with self-

setting properties. As also observed from Table 3.4, increasing the amount of NaHCO3 in

the setting solution required a higher amount of DI which translated to a higher L/? ratio
compared to setting solutions containing less amount of NaHCO3. Therefore, in going

from SS-2a to SS-2e, the required LIP ratio to form a good consistency paste increased,
and so did the final setting time of the cement pastes.

Organic acids such as citric acid are known to be present

in trace amounts in

bonesle, and have recently been shown to improve handling and injectability of calcium

phosphate cements considerablys0'

52. Addition of a small amount of citric

acid
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monohydrate (CAM, 0.001 moles) to SS-2e (which was then named
as SS-3) in our case
led to significant improvements in the setting time (i.e., its reduction)
and handling of the
cement at the same L/P ratios, i.e., the ti and tr was found to be lower for
SS-3 than those
observed by using SS-2 at the same LIP ratios. An LiP ratio of l.g6 gave
the best
combination of a good setting time and cement consistency in the case of
SS-3 setting

solutions. There was no change in the phases

of the final cement using different L/p

ratios.

Tabel

3.4

Setting times of cement pastes using various setting solutions.

Setting Solution
SS. I

Ca/P molar ratio
0.5

I
SS. I

0.7 s

1.78- 1.94
1,.78-1.94

0.9

1.78- 1.94

SS-2a
SS-2a*
SS-2a

0.9
0.9
0.9

t.37
t.54
t.70

SS-2b
SS-2b
SS-2b

0.9
0.9
0.9

1.54

t.70

SS-2c
SS-2c
SS-2c

0.9
0.9
0.9

SS.2d
SS-2d
SS.2d

0.9
0.9
0.9

SS-2e
SS-2e
SS-2e

0.9
0.9
0.9

r.70

SS-3
ss-3 **
SS.3

0.9
0.9
0.9

SS.

LIP (mlls) h (min)

te

(min)

l5+1

30+l

15+

1

30* I

t.37
r.54
r.70

l6+ I

3l+2

t.54
r.70

l7+t

1.86

l9+ I

40+1
45+2

r.94

19+l
20+\

57+2
60+2

1.70

l2+L

25+1

1.86

17*t

33+ I

r.37

1.86

t.94
32+t
77+2
indicates no setting behavior observed
* the best cement recipe
- using SS-2 with respect to setting
** the best cement recipe using SS-3 with respect to setting time and consistency
time and consistency
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3.4 Characterization of cements

Figure 3'8 shows the XRD patterns of cement samples
formed by using SS-2 at
two different time points' one immediately after preparation
and the other after 24 h of
curing at room temperafure under ambient conditions. The
xRD

data collected
immediately after 5 minutes of cement synthesis showed the
formation of Brushite alongwith Monetite. However, after 3 h of curing in the lab atmosphere
(25"c

,

40oh

humidity), the amount of brushite decreased by about s}oh,as
deduced from the decrease
in its peak intensity at ll .62-theta(2-0). The XRD traces after
3 h and 24hof dry curing
were virtually the same, which meant that a small amount of
brushite was retained as a
part of the SS-2 cement.
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XRD traces of SS-2 cement after 5 minutes and 24 hours; I
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Fig.

3.9

and 3

XRD of cement pastes formed using SS-3; I

- Ca(OH)2.

- CaHpO+ ,2 -CaHpOq.2HzO

Figure 3.9 shows the XRD patterns of the cement pastes formed with SS-3 at two
time points. Even after 5 minutes of forming the paste, only a small amount of brushite
was present in the cement, and by the end of 24 h, there was no trace of brushite to be
detected by the XRD. Nevertheless, a small amount of unreacted Ca(OH)2 is present in

this cement. Figure 3.10 shows the SEM images of SS-2 cernent samples while Figure
3.11 shows SEM images of SS-3 cement samples. Characteristic "intertwining" of plates,

more in case of SS-3 cements, which gave the cements their strength and self-setting
property, were visible. The plates did not show a specific orientation suggesting a more
or less isotropic behavior. Low magnification micrographs suggested that the cement had
some porosity, which was probably open porosity.
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Fig.

3.10

48 h.

FE-SEM micrographs of SS-2 cement pictures after incubation at 37oC for
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(a)

Fig. 3.11
48 h.

FE-SEM micrographs of SS-3 cement pictures after incubation at 37"C for

-1Y

(b)
Fig.

3.12

(d)

FE-SEM micrographs

of SS-2 cemant n 5% COz ahnosphere

(a&b) and

SS-3 cement in 5% COz atmosphere (c&d).

Figure 3.12 shows the transformation occurring in SS-2 and SS-3 cernents when
these were placed at

37tlo C in

5Yo COz atmospheres. SS-2 cements showed

no change

while SS-3 cements showed pyramidal outgrowths on their surfaces, which are probably
CaCOg crystals. The outgrowths showed a layered morphology atypical

of CaCO:.121

This behavior of cements shows the high reactivity of these SS-3 cements under COz
partial pressures emulating those already present in the body. Figure 3.13 shows the FT-

IR spectra of SS-2 and SS-3 cemants after one week of dry cwing in the lab atmosphere
(3Gtl0Tarelative hurnidity). They confinned the )(RD spectra shown in Figures 3.8 and
3.9. SS-2 cements showed bands coresponding to both Monetite and Brushite; while SS3 cenrents showed bands corresponding to Monetite and some unreacted Ca(OH)2.
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Fig. 3.13
IR spectra of cement samples after one week (A) SS-2 and (B) SS-3,
where I - CaHPO+, 2 - CaHPOq.ZHzO and 3 - Ca(OH)r.
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3.5 Aqueous stability of cements in n-PBS

ICP-AES analysis of the cement samples before and after dissolution in mPBS for I ,3,5, andT days are given in Table 3.5. The Ca/P molar ratio increased to 1.10

from 0.96 at the end of the dissolution period. Figure 3.14 shows pH and percentage
weight loss of SS-3 cements with number of days rn rr,-PBS. The pH went down steadily,
starting at 7 .25 after

from

17 .58o/o

to

I day to 6.8 after 7 days with an increase in percentage weight loss

19.05% over the same tirne period. ICP-AES analysis of the solutions

after 1,3,5, and 7 days showed no significant Ca increase in the medium. Interestingly,
immersion of cured (under ambient conditions) SS-2 cements

in

m-PBS solutions led to

their disintegration, i.e., SS-2 cement bodies post curing were not stable under aqueous
conditions. Another simple test in DI led to the same result. Cured SS-2 cement bodies

in a similar manner when in contact with DI and disintegrated. Figure 3. 1 5
shows SEM images of SS-3 cements after 5 d immersion in z-PBS; and small

behaved

outgrowths of apatitic CaP plates can be seen.

Table

3.5

ICP results from SS-3 cement samples before and after dissolution

cement samples

z-PBS solution

As is
(wt%)
24.91
Ca
P (wt%)
19.86
(wt%)
Na
5.72
CalP molar 0"96

1

day
30.31

3 davs
29.98

5 davs

7 days

3t.34

30.67

19.75

20.r4

20.70

1,9.93

1.40

1.18

1.17

r

l.l0

I .10

1. 10

1.10

Ca (ppm)
P (ppm)

I

Na (ppm)

.01

1.40

3.38

3.64

008

t499

1639

4.53
r2s7

963

l 509

1645

1083
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Number of days {n}

Fig.

Flots showing the variation of
3. i a
cernents over the a-PBS soaking period.

(a)

Fig. 3.15

pH and percentage weight loss for

SS-3

(b)

FE- SEN{ micrographs of SS-3 cements on immersion tn m-PBS after 5 d.
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3.6 Bioactivity of cement

Bioactivity of SS-3 cements was
SEM pictures (Figure

3.

assessed

by their immersion in SBF solutions.

16) show a difference in the coating observed on the cement

samples. 1.5x SBF gives a much heavier coatingl2'62 Tconfirmed by XRD) as compared

to lx SBF showing globular outgrowth of apatitic Ca-P globules while lx SBF shows

a

more smooth and even surface. Figure 3.17 shows the change in pH for the period of SBF

soaking (8 days). After replenishment of SBF solution at

solution decreased while the replenishment
decrease

of

2

and

4 days, the pH of

the

SBF at the 6'h day did not lead to

in the pH. Figure 3.18 shows XRD patterns for

lx

a

SBF and 1.5x SBF soaked

samples. The apatite peak at 32 2-0 shows a higher intensity cornpared to Monetite and

this effect is more enhanced for 1.5x SBF.

Since SS-2 cement samples showed degradation when immersed

in aqueous

solutions, they were not tested for their apatite inducing ability. However, Monetite has
been known to promote apatitic CaP formation when soaked in solutions containing some

carbonate ionsl08.

It can be assumed

that it would act similarly when immersed in SBF

solutions. Also, its disintegration to a powder form would increase its surface area, and
hence, its reactivity, which could further accelerate its conversion to apatitic CaP.

(c)

Fig.

3.16

FE-SEM micrographs of

soaked SS-3 cement after 8 days.

(f)

lx

SBF (a, b

& c) and 1.5x SBF (d, e & 0

H 7.6

rl.

*

_r- I x SBF
---f- 1.5 x SBF
789

Number of Days

Fig.

3. 17

Change

inpH of SBF (lx and 1.5x) solutions after SS-3 cement soaking.
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XRD plots of

lx SBF and 1.5x SBF soaked SS-3 cement samples.
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3.7 Peak load in compression

& diametral tensile strength

Peak load in compression (PL) and diametral tensile strength (DTS) of cylindrical

cement samples were evaluated. Samples with an aspect ratio (L/D) of

-2 were

prepared

as described earlier. Table 3.6 shows the dry (25% humidity) and wet (100% humidity)

PL and DTS values for the cement after 36 h at 37+l 'C. SS-2 cement samples, when
incubated at 100 % humidity, did not retain their integrity and crumbled, and hence they

were not tested for 100% humidity. SS-3 cernents showed higher strength compared to
SS-2 cements. Figure 3.16 shows two sample compressive loading curves (25% and
100% humidity) for SS-3 cements.

Table 3.6

Peak load in cornpressicn

OI-; and diametral tensile strength (DTS) of

cements

SS-3 cement

PL (MPa)
DTS (MPa)

SS-2 cement

FL (MPa)
DTS (MPa)

Condition
25% humidrtv (A) 100% humidirv (B)
7.85 + 0.37
2.15 + 0.24
+
2.79 0.080
0.73 + 0.09
1.50 MPa + 0.1 I
0.37 MPa + 0.03
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Compressive loading charts for SS-3 cements; (A) dry and (B) wet.
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3.8 Aqueous stability of cements in various media

Four different media were used to assess the aqueous stability of cernents and
their effects on pH of the media. Figure 3.20 shows the variation in pH of all four media

on immersion of SS-2 cement, SS-3 cement and hydroxyapatite powders. In g-MEM,
hydroxyapatite showed the highest pH after V2 h. Such a high pH has been known to
have adverse effects on cells during in-vitro cell culfur.tt. Compared to hydroxyapatite,
SS-2 and SS-3 cements did not increase the pH of a-MEM substantially. On immersion

in SBF, these materials showed a different behavior. SS-3 cements showed the highest
pH followed by SS-2 cements, while hydroxyapatite showed the lowest increase in pH of
SBF solutions. One of the reasons for this increase could be the presence of alkaline Na*,

which is present in higher amounts in SS-3 cements compared to SS-2 cernents. On
immersion in PBS, hydroxyapatite showed a simiiar behavior to its immersion in aMEM, i.e. maximum increase in pH was observed. SS-3 cements marginally increased
the pH while SS-2 cements surprisingly led to a decrease in the pH after 72 h. The

of strong buffers like TRIS, which is present in SBF, could be responsible for
this behavior. On immersion in pH 4.2 crtrate-SBF solution, hydroxyapatite was able to
absence

increase the pH of the solution to over 5 after 72 h. SS-3 cements behaved in a similar
manner to hydroxyapatite while SS-2 cements were not able to have much of an effect on
the pH of these solutions. Table 3.7 shows weight loss data of the three materials in the

four solutions. Hydroxyapatite showed very little weight loss in all media except the 4.2

pI{ SBF solution while SS-2 and SS-3 cements showed significant weight loss in all
media, SS-2 weight loss being less compared to SS-3 cements in all cases.
Table

3.7

%aWt.loss of Hydroxyapatite, SS-2 cement and SS-3 cement in various media.

Hydroxyapatite

SS-2 cement

SS-3 cement

Duration
(h)

a-MEM

36

SBF

PBS

citrate-SBF

r.57

1.13

72

3.73

2.07

1.18
3.4s

3s.92
40.68

36

s.7 6

4.78

72

12.67

3.96
r 0.57

9. 15

8.79
15.38

36

17.08
18.97

14.93
16.09

16.45
19.03

20.14
27.28

72

50

8.6
pH change in o-MEM

8.4

8.2

8

7.8

/.o

7.4

(A)
7.2

40

Duration (h)

8.3
pH change in SBF
8.2

8.1

I
7.9
Eo.

zg
7.7

7.6

7.5

74

(B)
7.3
40

Duration (h)

51
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3.9 Cell culture with rat osteoblasts
Response

of

to cement samples was sfudied using various
assays and SEM analysis. Figure 3.21 showed the live-dead
histograms for all the
samples during osteoblast celi cultures and Figure 3.22
showed ALp activity of
osteoblasts

osteoblasts on the same samples. According to our results,
SS-3 cement pellets showed
the highest nurnber of live cells compared to all other samples.
Also, there is a significant
difference in the numbers between pelleted samples and powders.
Cap powders have
been shown to be more potent compared to whole bodies/pellets
by other researchersno,
122'

123

) which can be seen here. SS-3 and SS-2 cement powders behaved in a similar
manner with regards to the number of live and dead cells.
Interestingly,

on brushite. less
number of live and dead cells were seen as compared to
monetite control and cement
samples' This couid suggest that brushite is more toxic as
compared to monetite. HA,
surprisingly showed more number of Cead cells as compared
to live cells, which u,,as not
seen

in any of the materials tested, suggesting that HA powders were the
most toxic

among the ones tested for biocompatibility.

Alkaline phosphatase has been known to be an osteoblast rnarker,
and a very
important one for proliferation. Figure 3.22 shows the ALp
activity of the
osteoblasts

cultured on cement and control samples after 7 d. The trends
followed in the LivelDead
histograms seemed different than what seen for the ALP activity.
HA showed the highest
ALP activity among all the materials tested. Interestingly, Monetite again
showed a
preferential behavior as compared to Brushite, i.e., ALP activity
of osteoblasts cultured
on Monetite was higher when compared to Brushite. Comparison
of pelleted bodies and
powders showed a similar trend comparable to Live/Dead histograms.
Osteoblasts on SS3 cement powders showed lower ALP activity when compared to SS-3
cement pellets,
although the difference is not significant (error bars overlappirg).

SEM observations of cements and HA samples showed very interesting
results
(Figure 3'23). SS-3 cements showed a confluent layer of nano-apatitic
flowery deposits at
many places on the cement surface. Cracks due to critical point
drying could be noticed
in the coating layet. Collagen fibers could also be seen beneath the nano-apatitic
deposits,

53

whish was an indication of the osteoblast cel.ls present on the ceneent surfaces. HA
showed a proliferating, conftruent layer of oeils, with morphology atypicatr of the
osteoblast.

No collagen fiber production by the osteoblasts was seen on F{A pellets.

While SS-3 cernent sarnples showed

a

very different surfuce on imrnersicn in

cetrl cutrture

ffiediurn (u-fuIENf , 5oA COz atrnosphere), SS-2 cernents did not undergo a significant
change on their immersion

in o-MtrM. Osteoblasts on SS-2 cen:ents skrowed a typical

nrorphology, ceItr size being quite srnall. Atso, collagen ploduction coutrd reot be seen
although the ceils did adhere to the cement surface.
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FE-SEM rnicrographs of osteoblasts on (a & b) SS-3 cement, (c & d)
Fig. 3.23
pellet and (e & 0 SS-2 cernent after 3d.

IIA
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A more detailed evaluation of the events occurring on SS-3 cement samples was
performed. Figur es 3 ,24, 3 .25 and 3.26 show the events occurring just after 6 h, 24 h and
after 72h of osteoblast cell seeding on SS-3 cement samples. Osteoblast cells attached to
the SS-3 cement surface and spread/proliferated on it even after 6 h; extra cellular matrix

(ECM) forming a tissue like material was also identifiable, on which, nano-apatitic CaP
deposits were attached. After 72

h, at various places as depicted in Figure

3.26,

osteoblasts produced collagen fibers and showed formation of nano-apatitic CaP nodules

inside those collagen fibers. The collagen fibers attached and subsequently entangled

with apatitic CaP flowers forming a composite structure composed of collagen

and

apatitic CaP. The cement surface showed little change after just 6 h of cell culture while
small outgrowths of apatitic CaP piates could be seen on the SS-3 cement surface after 24

and72h.
Figure 3.27 shows total hydroxyproline contents

of the media after 3d of

osteoblast cell culture on various samples giving an indication of the collagen synthesized

by the cells. HA and Ca(OH)z gave the lowest values of total hydroxyproline in
media. SS-3 cement gave the maximum amount

of

the

hydroxyproline implying that

osteoblasts synthesized the highest amount of collagen when cultured

with SS-3 cements,

which was also visible from the SEM images. Monetite cement and SS-2 cement
performed very similarly, much lower as compared to the SS-2 cement samples. Notably,

brushite samples had less amount of hydroxyproline in the media compared to monetite.

According

to many studies,

collagen secretion

is an essential step during

bio-

minerali zationrza, and hence is a very important parameter to be considered for any kind

of orthopedic implant material.
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Fig.3"24

FE-SEM micrographs of Osteoblast cells on SS-3 cement samples after 5 h.
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Fig.3.25

FE-SEM micrographs of Osteoblasts on SS-3 cement samples after 24h.
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(c)

Ft5.3.26
h of seeding.

(d)

FE-SEM micrographs of Osteoblast cells on SS-3 cernent sampies after 72
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Osteoclasts are bone resorbing celis and have a typical rnorphology as shoqm in

Figune 3.28" These cells can grow to become as large as 1000
Frm. TRAp staining
confinned that the cells we used for these studies were of osteoclast naturs.

Fig.

3-28

TRAP staining of differentiated cells confinning their osteoctrast nature.

SS-2 and SS-3 cement pellets, where SS-2 cement pellets wetre enctrosed in
Teflon@ molds were used to cul.ture osteoclasts on them. Figures 3.29 and 3.30 show the
behavior of SS-2 and SS-3 oements along with controi samples, i.e. HA and p-TCp.
Osteoclast cells were easily observed on

I{A

and p-TCP cerarnics; however, were

difficult to iocate on cement samples. Large pits previously never observed on

cernent

samples could be seen, which probably were signs of osteoclastic resorption while HA
and p-TCP pellets did not show any such pits.

--l.
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Fig.3.29
d) after 3 d.

FE-SEM micrographs of Osteoclast cells on HA (a & b) and p-TCP (c &
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3.30

FE-SEM micrographs of Osteoclast cells on SS-3 cements (a & b) and SS2 cements (c & d) after 3 d.

Fig.

IV _ DISCUSSION
4.1 Characterization of starting materials

Figure 3.1 shows the SEM micrographs of the starting Ca(OH)z powders. As seen

frorn these pictures, Ca(OH)z particles (particle size ranging from 2 to 10 pm) has

a

layered or stacked sheets-like microstructure. ICP analyses of the Ca(OH)z powders
showed that the powders also contained 2600

+

150 ppm Mg. The other elements are

given in detail in Table 3.1. Magnesium is known to be an inhibitor for crystallization of
apatitel25,

ffid this proved to be an advantage about the selection of these powders for

Monetite [CaIIPOa] cement synthesis. Figure 3.2 depicts the IR spectra of the Ca(OH)z
powders and it can be seen that there was some conversion of Ca(OH)2 to CaCO3 during

storage at room temperature. There were three setting solutions used throughout this
study and Figurc 3.2 shows the
assignments are shown

IR spectrum for SS-3 setting solutions and the band

in Tabie 3.2 according to Persson et. alr26. Since SS-1 setting

solutions involved only H:PO+ and

DI as their components, no variations in

the

phosphate ion group were expected and SS-2 solutions contained only a small amount

of

NaHCO3 in addition to DI and H:PO+, and hence, again, no noticeable changes were seen

in the H:PO+ present in SS-2 solutions. SS-3 solutions showed two kinds of

phosphate

ions, and as seen from its IR trace, some of the H:PO+ ions combined with the Na* (in the

form

of NaFICOI) to from NaHzPO+. In such an aqueous system, it was almost

impossible to find out the exact amount of NaHzPO+ since all the ions are in an aqueous

solution and it becomes a dynamic system. The very small amount of CAM present in
SS-3 setting solutions did not affect its chemical properties. The reasons for CAM and
NaHCO3 additions will be taken up at alater stage.

4.2 Conditions leading to Monetite phase development

Preliminary experiments conducted by using SS-1, i.e., HIPO+ + H2O mixtures,
ied to the presence of monocalciurn phosphate monohydrate [MCPM, Ca(H2PO4)2.H2O]

in all of the samples. SS-1 setting solutions were highly acidic in nature, and hence
presence

the

of MCPM was not surprising at all. MCPM has been known to be the stable
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phase in aqueous solutions at a pH < 2.54' tn.

Th. three IR spectra given in Figure

3.3

were obtained from samples prepared by using CaiP molar ratios of 0.9 (top trace), 0.75
(middle trace), and 0.5 (bottom trace); and an L/P ratio of i.86.

L,1P

ratios apart from 1.86

were also used and all of them gave similar spectra, i.e. presence of MCPM was there in

all the spectra. The theoretical CalP molar ratio for MCPM is 0.5 and as seen from Figure
3.3, the sample with a CalP molar ratio of 0.5 showed pure MCPM, while CalP molar
ratios of 0.75 and 0.9 showed decreased amounts of MCPM. The sample obtained with a
Ca/P molar ratio of 0.9 showed the least amount of MCPM as seen from the intensity

of

the band at957 crn-t. SEM analysis of the two samples with CaE molar ratios of 0.5 and

0.9 also showed the characteristic large plate-like crystals of MCPM for the sample with
CalP molar ratio 0.5 (shown in Figure 3.4d,3.4e and 3.4f). The SEM image of sample

with a CalP ratio of 0.9 showed two distinct phases, one growing as globules on top of
the other, which was also confirmed by the FTIR spectra. Since MCPM has been known
to have a very high rate of nucleation under the specific synthesis conditions we used, the

materials obtained did not show any extent of self-setting cement characteristics and
turned into a hard mass very rapidly in the mortar2e.

Different LlP ratios were also tested as describeci above and they gave similar
results. One would expect that a higher LiP ratio (which means more

solution, the amount

of HIPOa being

constant) u'ould form

increased pH, however, even this slight increase

DI in the setting

a setting solution with

in pH was not enough to eliminate

MCPM formation. Figure 3.5 shows XRD traces for two differentLlP ratios at a constant
CalP molar ratio (0.9 in this case) and the peaks for MCPM (22.79 and 24.08) are clearly

distinguished. Taken as a general case, lower L/P ratios showed less amount of MCPM
compared to higher

LE ratios as seen from the decrease in peak intensities. The two L/P

ratios shown in Figure 3.5 were the two extremes in the sense that an L/P ratio of 1.2 did
not contain enough DI to form even a paste like material, and led to incomplete mixing

of

the solution and powder. The L/P ratio of 2.02 on the other hand, gave a liquid like slurry

which did not show any kind of setting behavior even after 4 h.

All

intermediate LIP

ratios showed the presence of MCPM and the trend was of increasing amount of MCPM

with decreasingLlP ratio as seen from the IR traces of Figure 3.6.
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Presence of

MCFM in the final bodies implied that the acidity of the final

pastes

was quite high and since the airn of this project was to synthesize a cement which set to

form Monetite, the pH of the setting solution was required to be raised. Since Na*
present

in skeletal

tissues and

in

human plasma

is

in

considerable amounts and is
tn, uNa*
sometimes substituted in piace of Ca* ion in biological apatitest8'
source which
could raise the pH of the setting solution to remove formation of MCPM was tried out.

We started out by adding I g/ml. NaHCOs in the setting solutions. These setting solutions
containing NaHCOI were terrned as SS-2 setting solutions. SS-2 setting solutions with

different amounts of NaHCO: are given in Table 2.1. Addition of a small amount

(lglml,) of NaHCOT to SS-l setting solutions
as SS-2a. On using SS-2a and mixing

gave the setting solution which was termed

it with

Ca(OH)2, we were able to obtain pure

Monetite as the f,rnal phase. No trace of MCPM was found in any of the materials. This
small addition of NaHCOT was able to raise the pFI of the setting solution SS-1 to levels
at which no MCPM was formed. MCPM has been known to be the stable phase and it
precipitates in aqueous solutions

if the pH < 2.5 and enough moisturelwater is present. It

goes to show that the pH of the

final cement pastes was raised above 2.5, and hence, no

MCPM was formed3l'

3s' rr2
.

The materials formed using SS-2a showed self setting behavior in a certain range

of LIP ratios. Monetite has a low crystallization rate, i.e. its crystals form and grow
slowlyl2T, which gives these materials an ability to harden slowly with time when an

optimum amount of water is present in the system. The role of Dl/water nnolecules in this
reaction is just to provide a medium for reaction of the Ca and phosphate groups. Too
much water just leads to Monetite particles being suspended in an aqueous solution, and
hence, no cement like behavior is observed. Too less

and reaction

DI would lead to incomplete mixing

of Ca and the phosphate groups would not go to completion, giving

an

inhomogeneous material with no self setting properties. The above points underline the
importance of the amount of DI being used in the setting solutions and also explain why

oniy certain L/P ratios give rise to cement like behavior u'hile others do not. We found
that an L/P ratio of 1.54 gave nice cernent like behavior to the pastes and these pastes set

within a limited time period as shown in Table 3.4. Self setting behavior was

also

61

observed

for an LIP ratio of L"70, however, the final setting time according to the

Gillmore needle apparatus exceeded 90 min, hence is not reported in Table 3.4.

4.3 Effect of increased NaHCOs in the setting solutions

Further increments in the amounts of NaHCOg in SS-2 were made according to
Table 2.1 to see its effect on cement forrnation. With the increase in amounts of NaHCO:

in the setting solutions, apatitic CaP formation could be seen as shown from the IR charts

in Figure 3.7. Again, a nice trend was readily visible in the sense that with increase in
NaHCO3 Brrlourt in setting solution, the amount of apatitic CaP also increased as seen

from its main band at around 1019 cm-r. NaHCO3 corrcentrations of 1gl15 mL, Zgllsml-,

3gll5ml-, 4glI5mL and 5gl15mL were used to prepare setting solutions SS-2a,

SS-2b,

SS-2c, SS-2d and SS-2e respectively. Further increments in NaHCO3 corlcerltrations led

to precipitate formation in the setting soiutions; hence, 5gl 15mL was the highest
concentration of NaHCOI in the setting solutions being experimented rvith.

These IR data (Figure 3,7) were obtained

and the effect

of

carbonate [COr'-] ions

is

with freshly prepared setting solutions,

seen here

formation. Carbonate ions have been known

in the form of apatitic CaP

to promote

carbonated apatitic CaP

formatiotttt, which was visible in this case also. Carbonates are not stable at such a low
pH, they cannot stay in an aqueous solution and are lost as COz gas with passage of time.
Since these IR charts are taken from samples prepared with fresh setting solutions, we see

the influence of carbonate ions in the final phase formed. Carbonated apatitic CaP has
been the aimed final stoichiometry

of many cement formulations and a number of

researchers have studied this kind of cemente3. Carbonated apatitic CaP cements are more

resorbable as compared to stoichiometric HA since they resemble the inorganic part

of

bone more closelye3. The aim of this study was to form a cement which set to form
Monetite and hence carbonated apatitic CaP formation was considered to be a deviation
from the goals of this research. These trR charts are presented here to compare the final
phases obtained when freshly prepared setting solutions are used and setting solutions
that are incubated for a period of one week or more are used.
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One of the important airns of this project was to be able to develop a cement

which can be stored at room temperature in sirnple containers. By storing a cement; it is
implied that we are talking about the raw materials used for cement preparation. In other
words, the setting solutions and the powder component of the aimed cement recipe need
not require special storage conditions. The shelf-life and the required storage conditions
impose a very critical limitation on some of the cements that are currently available in the
marketlOo. In certain cases, the raw materials are required to be stored

in vacuum at sub-

zero temperatures so that they do not undergo decomposition and loose their ability to

form a cement like materialt00. Hence, in our study, we have tried to develop a cement

which uses a setting solution which can be stored
temperature

in a simple glass bottle at room

in variable conditions of atmospheric moisture. Since higher amounts of

NaHCO3 moent higher carbonate concentrations in the setting solution, w€ incubated our

setting solutions for at least one week before conducting further studres. This one week

period was enough for the carbonate ion concentration to decrease by the loss of COz
gases.

After this one week time period, the setting solutions were stable and were used

for periods of up-to six months after preparation. Since any degeneration in the
concentration would result in a pH change of the setting solution, pH of the setting
solutions were monitored over the entire time period to check for their stability. It was
found to be constant at around 0.25 for SS-3 setting solutions but was too low to be
measured for SS-2 setting solutions.

4.4 Setting times of SS-2 and SS-3 cement pastes
The material of bone is built for withstanding compressive stresses and not tensile
stresses. Thus,

for implant materials like bone/skeletal cements, compression strength

testing is carried out. The long bones like femur and tibia undergo compressive loading
during a normal human life cycle. The setting time of a cement paste is the time that it
takes the cement paste to attain a certain minimum amount

of compressive

strength.

There are various standards established for this minimum compressive strength but the
most commonly used standard is the American Dental Association number
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, which is

for polycarboxylate cementslls. This standard uses an apparatus cailed the Gillmore
Needle Apparatus. The Gillmore Needle Apparatus consists of two needles with specific
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diarneters and having specific weights at their ends as described

in the Materials &

Methods section. These weights with their specific needle diameters apply two different
values of cornpressive loading. Since initially the cement is a wet paste, these needles
penetrate the surface

of the cement bodies. As the cement body grows stronger

and

hardens with passage of time, there is resistance to the penetration of these needles. The

setting time is the time in minutes that
indentation more than

it

I mm on the cement

takes for a specific needle to not leave an

body.

The lighter needle (larger diameter) applies a pressure of 0.35 MPa and the
heavier needle (smaller diameter) applies a pressure of 5 MPa. When the lighter needle
does not leave an indent deeper than

I

mm, the cement is said to have achieved the initial

hardening, and this time is called the "Initial setting time" or "ty". Just before this time

point is reached, the surgeon is supposed to implant the cement at the required wound site
because after the passage of tr,

if more force is applied to the cement, crack formation

occur. The wound can be closed after

t1 has

passed. The

can

"final setting time" or "tp" is the

tirne it takes the cement to achieve sufficient hardening to resist the heavier needle. Thus,
t1 and

tr

irr€ very important criteria in reducing the time required for surgeries. Many

researchers have focused their research on decreasing the setting

time of their cements

through different additions to their ingredients. Final setting times between 30 and 60
minutes are clinically acceptable for a cement recipe to be used practically. The best way
to reduce setting time is to minimize the amount of DI in the setting solution. As pointed

out earlier, the amount of DI in our cement recipe is an absolute requirement since it
affects the behavior of the cement significantly.

Table 3.4 shows the setting times of various cement recipes that were tried out.
Use of SS-l setting solutions did not give any kind of cement like behavior to the pastes,
hence these pastes were not considered for further study. SS-2 cements did show setting

behavior, however, the setting times increased with increase in the NaHCO3 content in
the setting solution. The increase in the setting times was due to increased amounts of DI

required in the setting solution to form a paste with nice consistetrcy, i.e. an increase in
the L/P ratio. A trend which was also noticed was that the viscosity of setting solutions
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increased

with increasing NaHCO3 content, which was probably due to

increased

amounts of NaHzPO+ formation. This increased amount of NaHzPOq formation could
explain the increased DI requirement (higher L/P ratio), which in turn led to the increase

in setting times of the cements going from SS-2a to SS-2e.

4.5 Effect of CAM on cement pastes
SS-3 and SS-2e setting solutions had the same amount of NaHCOI in them, the

difference between the two being the presence of CAM in SS-3 solutions. CAM has been

known to decrease the setting times of cements and has also been known to improve the
handling of cement pastesso'tt, herrce, we decided to add CAM to SS-2e setting solutions

to see its effect on the cement pastes. As is seen from Table 3.4, cements formed using
SS-3 setting solutions had significantly lower setting times at the same LIP ratios
cornpared to cements prepared using SS-2e setting solutions. As described earlier, the

reaction occurring during this cement formation is essentially an acid-base reaction.

CAM is a weak acid, but has been known to decrease the pH of solutions to a
considerable value (-2 for 0.2 glfiiL solution). Hence, even a very small amount of CAM
is able to decrease the pH of our setting solution slightly while keeping the CalP molar

ratio constant. CAM and other citrates also have a chelating effect and are called
"chelating agents", i.e. they have affinity towards hydroxides such as Ca(OH)2. In the
case of our cement reaction,

CAM molecules preferentially attach themselves to Ca(OH)z

molecules and form complex Ca-citrate groups. These two factors, i.e., the combining of

CAM with Ca(OH)z coupled with a decrease in the setting solution pH accelerates the
setting reaction of the cement. In other words, a cement reaction takes place faster at the
same L/P ratio

if CAM is present in the cernent recipe. As an example, from Table 3.4 it

can be seen that at anLlP ratio

of 1.86, SS-2e cements took around 57 minutes to set

while SS-3 cements took only around 33 minutes to set.

Setting time of a cement is not the only criterion according to which LIP ratio for
a cement recipe is decided. The handling

of cement paste, its mixing behavior and surface

roughness are some of the other criteria which decide the L/P ratio of a cement recipe. In
short, the physical characteristics of a cement paste are also important. Basically there are

7l
two kinds of cements, those which can be injected through a syringe, and others which
are applied by hand pressure. Usually, the ones injected through a syringe are those
which need to be put into very small defects or cracks. The ability of a cement to be
injected through a syringe is called its "injectability".

At its current state, the cement

recipe being proposed by us is not injectable. The paste formed is quite thick and viscous

in nature, and needs to be shaped by hand pressure to form the required shape.

Since the cement needs to be worked with the hand (wearing gloves), its handling
becomes an important factor.

It should not be rough or granular while being worked with

the hand. A rough or granular paste means incomplete mixing, hence, the cement paste
should be smooth anC free flowing. Also, cements tend to have a "skin-effect", i.e., the
surface areas of these cements tend to stick to the gloves or hand while mixing. Such a

skin effect also needs to be minimized or better still eliminated completely. A higher than
optimum LIP ratio means a more liquidy paste, which leads to a more prominent skin-

effect while

a

lower than optimum LIP ratio means incomplete mixing

and

granular/rough feel of the cement paste. These factors, combined with the minimizing

of

setting time of a cernent paste leave little room for manipulation of the LiP ratio of a
cement recipe.

Consideting

all of the above

requirements, two recipes from Table 3.4 were

selected for fuither study and charactenzation. The SS-2a cement recipe

of

with anLlP ratio

1.54 gave a very good setting time of around 30 minutes, however, the cement was

somewhat rough to the feel of the hand and the handling of the cement was not as good as

the SS-3 cement pastes. SS-3 cements with anLlP ratio of 1.86 gave a reasonable setting

time of around 33 minutes and had excellent handling properties. These cement pastes
were very smooth to the feel of the hand and did not show any kind of skin-effect. SS-2a
cements did show a small amount of skin-effect, i.e., small amount of residue did stick to

the gloves. These two recipes were selected for further analyses. SS-2a cements for their
phase, i.e. pure Monetite and SS-3 cements for their handling properties. From here on
SS-2a cements

will

be simply referred to as SS-2 cements for this section.
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4.6 Characterization of SS-2 and SS-3 cements

Setting solutions which were incubated for one week or more \\rere used for
further cement synthesis and these cements were characterized in detail. Interestingly,
fresh setting solutions and setting solutions which were stored for long time periods
showed different final phases after cement formation. This difference was probably due

to the loss of carbonate ions from the setting solutions since they are not stable in
aqueous solutions at such a low pHt'n. X-ray analyses of SS-2 cements showed Brushite
and Monetite present in equal amounts after 5 minutes of cement paste formation (Figure

3.8).There was also some MCPM present in these cements, however, not in significant
amounts. The amount of Brushite had decreased to abott 25Yo after 24 h incubation at

room temperature and in lab atmosphere. Also, no MCPM was detected after ?4 h which
meant that the cement consisted of only Monetite and a small amount of Brushite. There

was not much difference for SS-2 cements prepared with fresh and stored setting
solutions since there is much less carbonate ion content as compared to SS-3 setting
solutions. Figure 3.7 showed IR data taken from fresh setting solutions, and the only

difference is that

it

showed pure Monetite, while XRD suggested there was Brushite

present along-with Monetite in these cements. This difference was probably due to the
characterizationtechnique since FTIR is more of a surface technique while XRD is a bulk
technique.

SS-3 cements showed a much larger difference in the phases obtained for fresh
and stored setting solutions. Figure3.9 shows XRD data obtained from cements prepared

with SS-3 setting solutions, and even after 5 minutes of cement preparation, the amount
of Brushite was very less (arowd

20o/o).

After 24 h, there was no trace of Brushite and

the major phase was Monetite along-with some unreacted Ca(OH)r. The presence of
unreacted Ca(OH)z is not surprising

at all since it could well be some of the chelated

Ca(OH)z in the form of Ca-citrate compiexes. Also, the high Na* content of the SS-3
setting solutions meant that some of the Na* broke down the HIPOa molecr.lles to form
NaHzPO+, which meant that not

all of the P reacted with

Ca(OH)2, and hence the

presence of unreacted Ca(OH)2. SS-3 setting solutions contained a significant amount

of

carbonate ion content, which gave carbonated apatitic CaP when fresh setting solutions
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were used (Figure 3.7). The loss of the majority of those carbonates led to the absence

of

the apatitic CaP and gave Monetite formation.

The rate of nucleation of Monetite (and Brushite) is slower in comparison to the

highly acidic MCPM, therefore the reaction mixture showed a self-setting properly

as

free Ca*, H3POa and HzPO+- ions were gradually consumed, and the growth of Monetite
(and Brushite) crystals took place according to the reaction:

Ca(OH)2 + H3PO4 + Na*(aq) + HCO:-(aq)

-

CaHPO+

+ 2HzO + Na*(aq) +HCO{(aq)

Although the above reaction shows the use of H:PO+ on the reactants side, the

setting solutions which gave rise

to this inexpensive Monetite

cement presumably

contained a mixture of H:PO+, HzPO+- and probably HPO+2- ions, together with some
hydrogen carbonate ions. Monetite is the stable phase between the pH range of 2.5 to 4.?,

and with the neutralization of the acidic setting solution by Ca(OH)t, the pH of the
system would have increased leading to the formation of Monetite.

Micromorphology

of the cements was assessed by SEM imaging and SS-2

cements were found to be considerably different compared to SS-3 cements (Figures 3.10

and 3.11).At a lower magnification, both cements showed similar morphology, however,

at higher magnification, SS-2 cements showed more rounded and amorphous crystals
while SS-3 cements showed clusters of sharply shaped, more crystalline crystals. It was
evident from the microstructure
compared

of SS-3 cements, that they would be stronger as

to SS-2 cements, since they showed more comprehensive intertwining of

plates/crystals. An interesting point to be noted was that the micrographs suggested that

Monetite crystals nucleated and grew homogeneously at every place. There was no
directionality suggested by the micrographs and they did not show big, sharp plates like
those of MCPM. Interconnectivity of the pores was also seen.

Incubation of cements in 5oh COz atmosphere was also oarried out to assess any
changes

in the micro-morphology of the cements. SS-2 cements did not show any
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changes in their microstruc;ure (Figure 3.12). SS-3 cements, otr the other hand showed

very typical pyramidal outgrowths, which were probably CaCO: crystals (Figure 3.I2).
This was a very important finding since it showed the high reactivity of this material. It
also confirmed the fact that there was unreacted Ca(OH)z present in SS-3 cements, which
converted to CaCOI in the presence of COz. SS-2 cements showed no such outgrowths.
Phase characterization

of these outgrowths was attempted but it was not conclusively

proved that the crystals seen are those of CaCO3 since this is just a surface phenomenon.
However, the chance that these outgrowths are anything other than CaCOg is rare, since
similar morphology has been seen for the Aragonite form of CaCO3r2l.

SS-2 and SS-3 cements cured in normal lab atmosphere for one week were also
charactertzed for their phases. The XRD traces taken after 24h and FTIR performed after

one week confirmed each other. SS-2 cements showed bands corresponding to both,

Monetite and Brushite (Figure 3.13). SS-3 cements showed bands corresponding to
Monetite and Ca(OH)r. No MCPM was detected in either of the cements. Water bands
(-1648 cm-l) were observed in both cements. SS-2 cernents showed a sharper water band
compared to SS-3 cements, probably due to the presence

of Brushite, which has water

molecules in its chemical formula.

4.7 Stability of cements in ru-PBS and SBF solutions

The dissolution of a CPC is a very important parameter for its resorbability.
During the dissolution process, the constituents of a CPC leach out at a gradual rate over
a certain period of time when immersed in an aqueous solution. This rate should not be

very fast otherwise the implant could loose its mechanical integrity and crumble. This
ability of an implant to remain stable in aqueous solutions is known

of a CPC. This property is very important

as the "cohesiveness"

because most certainly

in all cases of

CPC

implantation, it comes in contact with bloodiplasma from the patient's body and the CPC

should be able

to maintain its integrity in this situation. Thus, the dissolution

cohesiveness of a cement are two parameters which should

dissolution rate

will

decrease the cohesiveness

and

work in tandem. A very high

of the cement and on the other hand, we
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do not want the cement to remain as a peace of stone and not undergo any kind of
reaction with its environment.

It is very important to monitor

the constituents leaching out of a CPC on its

immersion in an aqueous solution. The solution used by us was a modified Phosphate

Buffered Saline (rn-PBS). The reasons for developing this z-PBS recipe have been
described before. The dissolution time periods were ld, 3d, 5d and 7d. Both SS-2 and SS-

3 cement bodies/pellets were immersed in these n-PBS solutions. Immediately
immersion, SS-2 cement bodies gradually crumpled to small chunks in about

after

I minute.

SS-3 cement bodies showed good cohesiveness and maintained their integrity when
immersed

in the z-PBS

solution. Thus, SS-2 cements were not stable

in

aqueous

solutions, which could be due to the decreased L/P ratio used for these cements. This
decrease

d LIP ratio could have left the set cement bodies on the dry side, leading to

micro-crack formation

in them. On immersion in ru-PBS, the solution would

have

infiltrated these cracks, which was the probable cause of failure for these cements. Also,
as seen from the microstructure analysis

of SS-2 cernents, they do not possess the kind of

interlocking which SS-3 cements have, and so have loose packing, leading their
disintegration.

ICP-AES analyses after each time point were carried out for the SS-3 cements
and for the n-PBS solutions to determine the changes in levels of Ca, P and Na. The
results are presented in Table 3.5 and

it

can be seen that there is a marginal increase in

the CalP molar ratio from 0.96 to 1.10 for SS-3 cements. The Na content of the SS-3
cements goes down steadily with passage of time. Increase in the CalP molar ratio could
be because of two reasons. There can be an increase

in the Ca levels or decrease in the P

levels of the cement bodies. Since there is no Ca in the medium, it is impossible to have
an increase in the Ca levels. It was also seen that Na and P in the medium increased and

calculations showed the Na/P molar ratio of the product coming out in the solution was

-2.It

can be suspected that trace amounts of NazHPOq, which may also be present in the

set SS-3 cement bodies (though not detected by FT-IR or XRD), eventually leached out

of the cement into the solution. Theoretical calculations showed that if all of the Na
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present in the cement fonned NazHPOa, it would account for -17 -18 wt% of the cement,

which was close to the actual percentage weight loss observed (17-19%) in the rn-PBS
solutions (Figure 3.14). The importance of maintaining a more or less neutral pH in the

surrounding medium has been outlined

in

Chapter

I. pH measurements for this

dissolution/aqueous stability experiment were also carried
correlation to the

Yo

out and they were in

wt. loss values. With increasing% wt. loss, the pH of the solutions

went down, which was probably due to the HPOa2- iott coming out in the solution. Also,

Monetite or CaHPO+ is a strightly acidic material, and its presence should also lead to

a

decrease in the surrounding pH.

Monetite has been known to convert to apatitic CaP when immersed in neutral pH
solutions containing carbonate ions. We did not see such a conversion in this solution
since there were no carbonates in this solution. Also, this solution did not contain buffers

like TRIS or Hepes

l2-(4-(2-hydroxyethyl)-l-piperazinyl) ethane sulfonic acid,
CsHreNzO+S], which are able to maintain a neutral or basic pH thereby accelerating the
conversion of Monetite to apatitic CaPtt. SEM analysis showed a very small and slow

growth of apatitic CaP plates. The rnorphology of these CaP plates was also different
when compared to the carbonated apatitic CaP obtained on soaking implant materials in
solutions like SBF (Figure 3.16) which have a significant amount of carbonate present in

them. The carbonated apatitic CaP which are produced/coated on implants on SBF
soaking have a very characteristic nano-needle like morphology which is evident when
Figure

3.

l5b and Figures 3. l6c & 3.16f are comparedr0'

t2'

t24

. These SEM micrographs

are taken at the same magnification and thus have the same scale.

It can be seen that the

apatitic CaP plates formed in n-PBS differ from the nano-needles carbonated apatitic
CaP morphology obtained in SBF solutions.

The formation of a carbonated apatitic CaP layer shows the excellent bioactivity

of the SS-3 cements. 1.5x SBF solutions contain a higher concentration of all the ions
present in

lx

SBF, and hence, 1.5x SBF formed a more dense and globular coating on the

cement samples. As seen frorn Figure 3.16b &,3.16e,

lx

SBF gives a more smooth and

continuous coating while l.5x SBF shows globules coming out of the plane of the cement

7'7

and growing in the perpendicular direction. Since

l.5x SBF is more supersaturated with

Ca and phosphates, even a small amount of increase in these ion concentrations leads to
an immediate deposition of apatitic CaP globules. The deposition

an increase

of apatitic CaP leads to

in the surrounding pH which further accelerates the precipitation

and

formation of more apatitic CaP layers.

The condition in the human body is a dynamic one

in the sense that the

is continuously being replenished and flowing through the system. To
simulate such a condition for the soaking experiments, the SBF solutions were

blood/plasma

replenished every 48 h. After every replenishment, a dip in the pH of the SBF solutions is
seent'O. This is due to the fact that fresh SBF solutions added are at their starting pH

of

7.40, and hence, there is an initial drop in pH. 24h after the replenishment, the pH again

rises due to the influence

of apatitic CaP over-riding the buffering

capacity

of the

solution. As a general trend, we found that 1.5x SBF solutions remained at a lower pH
compared

to lx SBF solutions, which was probably due to the fact that 1.5x

SBF

contained more amount of TRIS, which acted as a buffer for the pH. The pH of both SBF

solutions showed a rise at the end of the 8 d period, and was between 7.7 and 7.8. It is
interesting to note that even though Monetite is a slightly acidic material, on immersion

in SBF solutions, the pH of these solutions rises. XRD analysis of the coatings formed on
SS-3 cements confirmed the presence

apatitic CaP

(-

of carbonated apatitic CaP. Infact, the peak for

32" 2-Theta) showed higher intensity compared to the main peak for

Monetite (-30.2" 2-Theta) suggesting that more than 50% of the Monetite had converted

to apatitic CaP. Also, the broad nature of the apatitic CaP peak showed that the
crystallites of apatitic CaP were nano-sized and amorphous in nature. Such a coating
resembles the inorganic part

of bone more closely

compared

to

stoichiometric or

crystalli zed apatitic CaP. It should also be noted that 1.5x SBF soaked sample shows

lower intensity for the Monetite peaks when compared to the

lx SBF soaked sample

which reinforces the heavier nano-apatitic coating seen in the SEM pictures.
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4.8 Mechanical strength of cements

The mechanical strength of any orthopedic cement is an important parameter
since the cement should have some load-bearing ability during its lifetime as an implant.

The peak loads in compression/compressive strength of SS-2 and SS-3 cements were
measured to evaluate their mechanical strength. Recently, the diametral tensile strength

(DTS) of cement implants has also gained considerable irnportance as a mechanical
ll8.
propertyllT'
The DTS is the tensile strength of a cylindrical seetion across its crosssection. The best way to determine the DTS is by a three point bending test; however, it
can also be evaiuated using the formula described in the experimental section.

The reported values of compressive strength for cancellous bone are between 2-10

MPa3t'". SS-3 cement samples showed Peak Load (PL) of around 7.85 MPa, which falls
in the range for cancellous bone. The DTS values for SS-3 cements were near 2.8 MPa,
which are one third that of the Peak Load values. These values were taken from samples
incubate d at 25o/o humidity. Since CPCs are

in constant contact with blood/plasma, their

in wet conditions should also be tested. SS-3 cements showed significant
reduction in their compressive strength values when incubated at L00% humidity.
strengths

Generally, wet compressive strengths are lower as compared to dry strengths due to the

penetration

of the liquid into the pores and cracks of the cement body. The wet

compressive strengths for SS-3 cements still fell in the range for that of cancellous bone,

which is important because an implant should not be weaker than the corresponding
wound site otherwise

it ends up putting all the load on the boneiskeletal part. Such a

situation could lead to complete failure instead of augmentation.

SS-2 cements showed significantly less dry strength values compared
cements.

to

SS-3

It was evident from the microstructure of these cements that the interlocking,

and hence the strength of SS-3 cements was higher than SS-2 cements, which was also

determined by these tests. Since SS-2 cements were not stable

in

aqueous conditions,

they were not evaluated for their wet compressive strengths. An interesting trend shown

by both cements was that the PL values were around 3-4 times the DTS values. Figure
3.16 showed the compressive loading charts for SS-3 cements. As seen from these, there
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is a significant difference between the curve for dry cement and the curve for wet cement.

Dry cements show a much higher loading slope comparable to brittle materials while wet
cements showed a lower loading slope. This meant that the wet cements behaved more

like ductile materials and for the same value of change in compressive extension, the
increase in stress was less for wet cements compared to dry cements. Such a property is
extremely advantageous for biomaterials since a sudden failure would be catastrophic.

4.9 Stability of cements in a-MEM, SBF, PBS and citrate-SBF

Along-with maintaining their shapes on immersion in an aqueous solution, CPCs
should be able to maintain a more or less neutral pHot. We tested SS-3 and SS-2 cements

in four different media to see their

effects on

pH of these solutions.

Synthetic

stoichiometric HA was used as a control to compare the cements. Since it was known that
SS-2 cernents disintegrated on immersion in aqueous solutions, for the sake of being able

to make a proper comparison, all the sampies were used as powders for these tests. SS-2
and SS-3 cements were crushed and ground

for

10 minutes bef,ore being used.

Table 3.7 shows the %Wt. loss for all the three samples tested in u-MEM, SBF,
PBS and citrate-SBF. SS-3 cements showed the highest weight loss in o-MEM, SBF and

PBS solutions. This was probably a combination of the leaching out of NazHPO+ and
some Monetite. Since SS-3 cements contained a high amount

of Na* ion, they had a

higher NazHPO4 content, which resulted in the higher weight losses compared to SS-2
cements and

HA. Also, in every solution, SS-3 cements had a higher pH at all time points

compared to SS-2 cements, which was also due to the higher amount of Na* content in
these cements. On immersion

in a-MEM, HA showed the highest pH after 72h (>

8.2).

SS-2 and SS-3 cements showed similar pH in a-MEM, which was significantly lower
compared to

HA in o-MEM. On immersion in SBF (1x), all three materials showed a

similar trend of increasing pH. The difference in pH for the three materials was not
significantly different. HA has a high surface pH, which was the reason for the increased

pH in SBF. SS-2 cements and SS-3 cements showed increased pH values due to their
conversion to apatitic CaP. A part in this pH increase could also have been played out by
leaching out of the Na* ions in SBF.
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The PBS solution used for this study did not contain any carbonates, and hence, as

has been seen earlier

if

no carbonates are present in a solution, the cements did not

convert to apatitic CaP easily. There might have been some surface conversion; however,

it was not enough for the pH of the solution to rise. SS-3 cements marginally raised the
pH of the solution which was due to the leaching out of Na* ions in the solution. Since

it was not enough to counter
and the pH of the solutions decreased

SS-2 cements contain a very small amount of Na in them,

the effect of the slightiy acidic Monetite phase

slightly. The absence of strong pH buffers like TRIS of Hepes also helped in this process

of pH change. The increase in pH for the PBS solutions in which HA was soaked was
expected due to the basic nature of HA and the absence of buffering reagents.

A

different kind of acidic solution was also experimented with to see the pItr

changes and

%o

wt loss of

these three materials. The

pH of SBF solutions containing the

ion concentrations according to Tas et. a/was brought down to 4.2 by addition of CAM75.
The reason for using this pH will be taken up later. HA showed the highest amount of wt.

loss in this solution. Since HA is a basic phase,

it is not stable in acidic

dissolved in this solution, in turn raising the pH to

solutions and

-5. SS-3 cements were

also able to

raise the pH of citrate-SBF solutions to -4.9, which was very close to that of HA. Since
these cements contained about 17-18% NazHPO+, it leached out and was able to increase
the pH of these acidic citrate-SBF sotrutions. After 72h, the weight loss of SS-3 cements
was around 279!o which suggested that some Monetite also dissolved in this solution. The

initial rise of pH due to leaching out of NazHPO+ probably helped the further dissolution
of Monetite. SS-2 cernents were not able to raise the pH of these solutions significantly
because there is less amount of Na present

in these cements and hence, there was no

initial rise in pH due to leach out of a significant amount of Na. Since Monetite is stable
under slightly acidic conditions, there was probably no leach out of any Monetite from
SS-2 cements, which is also suggested by the low wt. loss of SS-2 cements in citrate-SBF

solutions. In surnmary, HA was the least stable phase at a pH of 4.2 and showed the
highest solubility in this solution.
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4.10 Biocompatibility and resorbabitity of cements

As described in section 1.3, osteoblast cell cultures are the most important in-vitro

biocompatibility tests performed on CPCs. The rationale behind the use of powders for
osteoblast cell cultures has also been outlined

in section 1.3. Figure 3.21

shows the

Live/Dead histograms for osteoblast cells on various samples. As already described in the
results section, SS-3 cement pellets showed the highest number of live cells of all the
samples studied. It has been previously noted that immersion of HA powders in o-MEM

raised the pH of the solution to a value greater than 8. Such high pH values have been
known to be toxic for cellst". In this study, we saw that there was more number of dead

cells on HA samples as compared to live cells. HA was the only sample which showed
such a trend; all the other samples had a Live/Dead ratio

> l. All of the powders used in

the study showed similar Live/Dead ratios ranging from 1.1 to 1.5. Only SS-3 cement
pellets showed a LivelDead ratio of 2.2 which is significantly higher compared to the
other numbers. As was seen from the a-MEM soaking experiment, SS-3 cements were
able to maintain a more or less neutral pH after 72 h and hence, the ceils were able to
survive and proliferate on them. SS-2 cements also showed a similar pH when immersed

in o-MEM; however, its crumbling to powder meant that these cements showed a lower
Live/Dead ratio as compared to SS-3 cements. The cement bodies (SS-3) have a porous
structure as seen from their SEM micrographs while HA pellets have dense sintered
surfaces. There have been some doubts about the ability of cells to attach to smooth dense

surfaces, which might also be a contributing reason to the extensive cell death observed
on HA pellets23'24.

Alkaline Phosphatase (ALP) is an enzyme that marks mature osteoblasts86'87. The

of

their proliferation, differentiation and
mineralization are the different stages of the life of an osteoblast cell. After the
development

osteoblast cells, growth,

proliferation (i.e. spreading and multiplication) stage, osteoblasts become mature and
secrete various enzymes including ALP. Production of ALP along-with collagen is an

important step leading to the process of mineralization. The process of mineralization is
essentially the deposition of nano-apatitic CaP bodies interspersed in a collagen matrix.

This process occurs continuously inside the bone. After mineralization has occurred, the
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osteoblast cell

is now called an osteocyte or a mineralized

osteoblastl32. The above

described process is the process of new bone formation for which ALP is an important
starting marker. Figure 3.22 shows ALP activity of all the samples used in our study after

7 d of culture. Interestingly, HA showed the highest amount of ALP activity, which
suggested that mature osteoblasts were more active on

HA samples compared to any

other sample,

This result could seem to be in opposition to the Live/Dead results discussed
earlier; however there is an explanation for this trend. ALP activity is a marker for the
initiaLtzation of bone matrix formation. Recently, many studies have indicated that under
the right conditions, osteoblasts can minerahze within 24h83'

85' 133.

The protocols used in

our study suggested a one week period before measurement of the ALP activity and
hence, one

of the reasons for lower ALP activity on the cement pellets and powder

samples could be that the osteoblasts had already undergone mineralization, and hence,
the time point of maximum ALP activity could have already passedl3o.

So-.

researchers

have indeed found such results in which low ALP activity had registered, but SEM and
other observations suggested that there had been mineralization. To confirm this theory,

SEM observations were carried out to assess the structural and morphological changes
taking place on the cement and HA surfaces.

Figure 3.23 shows SEM images of osteoblasts cultured on SS-3 cements, HA and

SS-2 cements after 72
rnorphology.

A

h.

SS-3 cements showed

a

completetry different kind of

dense coating could be seen on the surface

of the SS-3 cements. The

nature of this coating was not similar to that observed on SS-3 cements after SBF
soaking. Also. under the coating, fibers which probably were collagen could also be seen.

This observation led us to believe that indeed, there had been mineralization on the SS-3
cement samples within the 72 h time period, and hence these cements registered lower

ALP activit-v after 7 d of cell culture. Osteoblasts cultured on HA samples showed their
characteristic shape. They could be seen spreading and proliferating on the HA surface;

however no CaP deposits or collagen fibers were observed which rneant there had been
no mineralization. SS-2 cements had a peculiar situation. The osteoblast cells cultured on
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SS-2 cements seemed to have a rounded morphology. No CaP deposits or collagen fibers

were seen on SS-2 cements, which again suggested that there had been no mineralization
on these cements. Also, the cement surfaces were clearly visible and had not undergone
any kind of transformation. Due to the complex nature of the SS-3 cement samples and
the promise that they showed, a more detailed sfudy was carried out.

Figure 3.24 shows osteoblast ceils cultured on SS-3 cement surfaces just 6 h after
seeding. As is seen from Figures 3.24 a, b and c; the osteoblast cells have spread and
covered vast regions of the SS-3 cement surface. In Figure 3.24c, cells are also visible

inside the open spaces of SS-3 cement bodies, which suggests that osteoblasts have an

affinity towards the cement surface. The process of biomineralization involves secretion
of an extracellular matrix (ECM) on which, nano-apatitic CaP crystals are deposited23'88'
e0' r24'

t3t.

Figures 3 .24e and

f

show high magnification pictures which depict just that.

Crystals of CaP can be seen attached to a sheet like structure which is the ECM. Thus, it

was seen that even after 5 h of cell seeding, which is a very short duration; the cells
attached to the surface and started secreting collagen, ECM and apatitic CaP deposits.

Figure 3.25 shows SEM micrographs of the osteoblasts on SS-3 cement surfaces 24 h

after seeding.

It

was observed that the degree

of

spreading

enhanced. Also, CaP crystals could be seen growing out

covered the cement surfaces.

of the cells was more

of the sheet like ECM which

It was very easy to distinguish ECM from the cement

surface since ECM possesses a smooth, sheet like appearance and we have already seen
that the cement surface is nowhere similar to that.

Figure 3.26 shows SEM images 72 h after cell seeding and these images show
clearly the process of mineralization or new bone formation by osteoblasts on SS-3
cement surfaces. Figure 3.27a shows a web of collagen on which some CaP crystals can

be seen. 3.27b shows a huge osteoblast like cell and in the inset it is clearly seen that
nano-apatitic globules with diameters of around 200-400 nm are being synthesized inside
the matrix of collagen. Figure 3.27 c shows an osteoblast cell which has secreted a web

of

collagen and the collagen has attached to the CaP crystals. Figure 3.26d is one of the
most significant micrographs because it reveals the excellent composite like attachment
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of collagen

fibers to the CaP plates or crystals. The collagen fibers seen

in

this

micrograph are approximately 30-50 nm in diameter, which is very close to the diameter

of collagen fibers present in bonesle.

Hydroxyproline

is a

protein which

is released in the cell

culture medium

whenever collagen is secreted by cells such as osteoblasts. To confirm the presence of

collagen on the cement samples, total hydroxyproline contents from the media were
t'0.
Fig.rre3.27 shows these results, and as is seen, SS-3 cements show the
determinedTe'

highest content of hydroxyproline in the cell culture medium after 3 d. HA shows the

least amount

of

hydroxyproline content

in the medium suggesting that there was

negligible or no collagen secretion by osteoblasts which were sultured on HA discs. SS-2
cement powder and pure Monetite showed similar amounts

of hydroxyproline in

the

medium, which was about half of that of SS-3 cements. These numbers are comparable to
other studies which were done using more number of cellsi'. According to these results,
SS-3 cements were most viable for secretion of an ECM and collagen matrix in which
CaP was deposited leading to biomineralization.

In an attempt to find the reason behind this finding, an extensive literature
revealed two important references. In a review published by Beck in 2003, it was
suggested based on a number

of studies that the presence of inorganic phosphate in

the

for the osteoblasts to start
133.
According to this review, the presence of

extracellular environment could be an important signal

differentiation and minerali zationss'

inorganic phosphates in concentrations of 2-10 mM can have significant effects on the
osteoblast gene regulation and uptake of these extracellular phosphates by the osteoblasts
leads to an increase in the intracellular phosphate concentrations, which triggers a gene
responsible for mineralization and production of CaP nodules. As we have seen from the
aqueous stability studies of cements carried out in various media, there is a substantial
release of inorganic phosphate groups from SS-3 cements. Levels of upto 3-4

mM canbe

achieved in the media, which would then induce the osteoblasts to start differentiating
and mineralizing. This could explain the behavior of the osteoblasts on SS-3 cements
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since only SS-3 cements were capabie of putting the required arnounts of inorganic
phosphate in solution.

In a

second study published

by

Zayzafoon83 recently,

the importance of

extracellular Ca* is underlined for the function of osteoblast cells. Detailed accounts of
the gene pathways which lead to osteoblast growth and differentiation have been outlined

in this review. The dependency of osteoblasts on osteoclast activity has also been stressed
upon. Osteoclasts are cells which are able to resorb bone80'

82.

During the resorption

process, the intracellular Ca* concentration inside osteoclast cells increases. This Ca* is

then passed on through the cell to the surrounding environrnent. Osteoblasts sense this
elevated Ca* ion concentration in the surrounding medium and become activated. Upon

activation, certain signaling pathways are activated which trigger bone deposition by
osteoblasts. Thus, biomi neralization is triggered by increase in Ca* ion concentration in

It is known that Monetite is not stable at and around neutral pH values in
108.
Surface dissolution and
carbonated soiutions such as SBF and o-MEMa'
reprecipitation of Ca* and phosphate ions occurs if Monetite is immersed in such media.

the medium.

It is very much possible that during the dissolution process, the presence of increased
arnounts of Ca* ion is detected by the osteoblasts, which triggers the mineralization
process as described by Zayzafoon.

Since osteoclasts play a very important role in the remodeling of bone and are the
cells responsible for resorption of CPC's; the cements were evaluated for their resorption

by culturing

osteoclasts

on them. Osteoclasts are large cells and their

resorption

mechanism is thought to be due to secretion of various acidic enzymes. It is a known fact

that sintering ceramics like HA and TCP increases their crystallinity to such levels that
even cells like osteoclasts, which are considered

to be powerful in their

resorbing

capabilities, are not able to affect such materialst'u. In our case, a similar situation was
observed,

HA

samples were too crystalline

to be

absorbed

osteoclasts, and no resorption pits were observed in case of

to any extent by

HA even though HA

the

samples

had shown the highest wt loss on immersion in citrate-SBF which was an acidic solution.

Similarly, for sintered p-TCP, no signs of resorption were seen. Osteoclasts were able to
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grow and proliferate as seen from the SEM images on both the surfaces, but were not
able to perform their most important function since these materials presented highly
crystalline surfaces.

An entirely different scenano was witnessed on SS-2 and SS-3 cement surfaces.
Large resorption pits could be observed at low magnifications on these cements surfaces.

Since these cements are synthesized at low ambient temperature conditions, they are

poorly crystallized, and hence, are easily resorbed by the osteoclasts. Some cells were
found on both cements, however, not to the extent that were found on HA and B-TCP
surfaces. Presence of large pits which were not observed on these cements in the absence

of osteoclasts is a very important finding and suggests the higher bio-resorbability of
these cements when compared to sintered ceramics like

HA and p-TCP. According to the

mechanism suggested by Zayzafoon, osteoclastic resorption is a very important process

for initiating biomineralization and the osteoclast studies performed confirm that

these

cements are resorbable by osteoclastic cells. On the basis of the extensive in-vitro studies

performed on these cements, it can be said that they are promising candidates for in-vivo
studies.

V.
(1)

CONCLUSIONS

This study presented for the first time the ability to synthesize cements which

set

to form Monetite as their principle final phase.

(2)

The inexpensive powder component consisted of only Ca(OH)z powders which
are widely available

in the market. The setting solution consisted of

simple

mixtures of Deionized Water (DI), phosphoric acid (H3PO+), sodium bicarbonate
CNaHCO3) and

citric acid monohydrate (CAM,

CoHsOz.HzO)

in

specified

amounts.

(3)

The raw materials could be easily mixed in an agate mortar to form pastes which
set within clinically acceptable times to form hardened bodies. An L/P ratio of

I.54 for SS-2 cements and 1.86 for SS-3 cements were found to be optimum.

(4)

SS-2 cements were not stable in aqueous solutions and disintegrated to form large

chunks while SS-3 cements showed good aqueous stability.

(s)

SS-2 and SS-3 cements demonstrated good mechanical compressive strength
comparable to that of cancellous bone.

(6)

SS-3 cements showed excellent bioactivity when immersed

in SBF solutions by

converting to thick layers of carbonated nano-apatitic CaP.

(7)

SS-2 and SS-3 cement powders were able to maintain a more or less neutral pH
value when immersed in various solutions. On immersion in acidic solutions, SS3 cements were able to raise the pH

while SS-2 cements could not.
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(8)

Osteoblast cells showed affinity towards SS-3 cements and were stimulated to
deposit bone like mineral deposits, a sigr of in-vitro biominerulization; however,

HA proved to be toxic towards the osteoblasts.

(e)

Osteoclasts were able to erode/resorb the cement surfaces while sintered ceramics

like HA and p-TCP did not show any kind of resorbability.

(10)

The ease of preparation and storage of the raw materials required for this simple
recipe could make

it a very important

apart from skeletaVdental repair.

biomaterial for a variety of applications
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