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A new injectable biomaterial for bone and dental surgery is a composite consisting of

a polymer as a matrix and bioactive calcium phosphate (CaP) ceramics as fillers. The stability
of the polymer is essential in the production of a ready-to-use injectable sterilized
biomaterial. The purpose of this study was to detect possible polymer degradation which
may have been caused by the interaction with the fillers using Fourier transform infrared
spectroscopy. Composites containing CaP fillers (biphasic calcium phosphate,
hydroxyapatite and peroxidized hydroxyapatite) and polymer (hydroxypropyl methyl
cellulose) were prepared. To investigate the properties of the polymer, the inorganic and
organic phases of the composite were separated using several extraction methods. The
difficulty in separating the organic (polymer) from the mineral (CaP fillers) phases in the
composite investigated in this study suggested the presence of strong interactions between
the two phases. Spectra of extracted polymers showed new absorption bands of low
intensities and indications that some chemical modifications of the original polymers have
occurred. Results also indicated that the filler composition has an effect on the integrity of

the polymer.

1. Introduction
Calcium phosphate biomaterials are used in bone
repair, substitution or augmentation as an osteocon-
ductive filler to achieve coalescence with bone [1-4].
However, several medical and dental applications of
bone graft biomaterials require the biomaterials to be
in an injectable form [5]. Such an injectable bio-
material was recently developed in our laboratory [6].
This biomaterial is a composite of a viscous phase
consisting of a polymeric water solution (ionic cellu-
lose ether) and calcium phosphate (CaP) ceramic fil-
lers. The fillers are maintained in a viscous phase at
the surgical site. This formulation could be modified
to provide ready-to-use sterilized injectable material.
Hydroxypropyl methyl cellulose (HPMC), the poly-
mer employed, is a synthetic derivative from wood
and cotton cellulose often used for food and drugs. It
is prepared by reaction of mixtures of methyl chloride
and propylene oxide with alkali cellulose [7].
Chemical changes in cellulose and cellulose deriva-
tives are very complex. Many forms of degradation are
possible owing to the composition of the medium, the
pH, the temperature and/or the presence of different
ions and oxygen [8, 9]. In our experimental condi-
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tions, two types of degradation of cellulose material
can occur. First, alkaline degradation can produce
ketone and carboxylic acids characterized by a chem-
ical peeling-off mechanism involving the terminal
monomeric unit [8, 10, 11]. Second, the presence of
oxygen can affect the chain, producing lactones,
ketones and carboxylic acid groups [9].

The purpose of this study was to investigate, using
Fourier transform infrared spectroscopy (FTIR), the
chemical changes or degradation in the polymer in-
duced by the process of mixing with the calcium phos-
phate ceramic fillers and/or by sterilization.

Infrared (IR) spectroscopy is employed as a routine
technique for determining the presence of functional
groups and has been widely used in investigating bio-
logical and synthetic apatites and related calcium
phosphates [12—-15].

2. Materials and methods

2.1. Materials

The injectable material is a composite of a polymer
and CaP ceramic fillers. The polymer used for
this study was HPMC (Benecel® MP824 from
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Figure 1 Diagram of the fourth separation (IV).

Aqualon™). The polymer solution (2wt%) made
using doubly distilled water was stirred for 3 days.
The CaP fillers used included hydroxyapatite
(HAP) (Ca;(PO,4)s(OH),), peroxidized hydroxyapatite
(OHAP) and two preparations of biphasic calcium
phosphate (BCP) (60% HAP and 40% B-tricalcium

622

phosphate). The two preparations of BCP were as
follows: BCP 1, commercial BCP produced by a sin-
tering method; BCP 2, prepared in our laboratory
according to the method of LeGeros and Daculsi [4]
and LeGeros [16] (by precipitation of calcium defi-
cient apatite and sintering). Because initial analyses of



some BCP 1 batches showed the presence of calcium
oxide which can transform to calcium carbonate or
calcium hydroxide [17], BCP 1 was modified by wash-
ing briefly in deionized water and sintering at 900 °C.
The BCP 1 modified in this manner was designated
BCP 1 W. All fillers were powdered and sieved at
80-200 pm.

The composite was prepared by mixing under air
atmosphere 60 wt% CaP filler and 40 wt% of the
polymer solution. The mixture was distributed in
20 ml aliquot into 50 ml glass bottles. All bottles were
sealed at time T, and sterilized using an autoclave for
20 min at 121 °C according to pharmacopoeial recom-
mendations.

2.2. Polymer extraction procedures

In order to obtain the FTIR spectra of only the poly-
mer component of the composite, several extraction
procedures (I-1V) using different solvents were used to
separate the polymer from the filler (calcium phos-
phate materials). These procedures included the fol-
lowing.

I. Centrifugation in doubly distilled water: each
phase (solid and liquid) was dried in an incubator at
37°C.

II. Extraction with chloroform—water mixture at
pH 6.2 (pH adjusted with HCI) (II-A) or at pH 12 (pH
adjusted with 1 m NaOH solution) (II-B).

III. Extraction in a mixture of butanol-1 (200 ml),
ethanol (55 ml) and water (95 ml): this formulation
was previously used by Richards and Shephton [11]
for paper chromatography in a study of alkaline
degradation of polysaccharides.

IV. Successive extraction using different solvents
(Fig. 1). This complex method was developed and em-
ployed after initial results using extraction methods I,
IT and III failed to extract the polymer completely
from the fillers. After simple water centrifugation
(IV:1), alcohols were used to separate the mineral and
organic phases (IV:2 and IV:3). The solid phase
(Fig. 2d) was centrifuged, immersed in water for 3 days
to dissolve part of the remaining polymer (IV:4),
treated by butanol and then centrifuged again. After
centrifugation in the water mixture with butanol, the
floculent masses were in the middle of the tube
(Fig. 2b). The same operation was carried out with the
solid phase (Fig. 2d) of this third centrifugation which

<+—— Liquid a
<4— Flocculate b
«—— Liquidc

U— Solid phase d

Figure 2 Different phases after centrifugation of composite with
alcohol and water.

TABLE I Average of the extractable pH of different fillers

Mineral fillers pH
BCP 1 11
BCP 1 W 9-10
BCP 2 6
HA 8
OHAP 10

was placed for 3 days in an aqueous basic medium
(IV:5). The last operation for the third separation was
done in an aqueous acidic medium (IV:6).

When a solvent such as alcohol is added to a water-
soluble polymer such as HPMC, the polymer floccu-
lates at the water—alcohol interface. This property
allowed the separation of the polymer component of
the composite from the fillers which remained at the
bottom of the test tube (Fig. 2). All extracts were dried
in a 37°C incubator.

Extraction procedures were made before steriliz-
ation (T), and at three time periods after sterilization:
immediately after sterilization (T';), 1 month later (T,)
and 3 months later (T'3).

For control, the polymer alone was subjected to
similar extraction separation procedures, I-1V.

2.3. pH Measurements

1 g of the CaP ceramic fillers was suspended in 20 ml
of doubly distilled water and the pH measured after
24 h (Table I).

2% polymer solutions was mixed with BCP 1,
Ca(OH), of NaOH and sterilized in an autoclave for
30 min at 121°C (Table II). 2 ml of the mixture was
added to 3 ml of doubly distilled water before measur-
ing the pH. Each measurement was performed five
times and the mean value calculated.

2.4. Fourier transform infrared analyses
FTIR analyses were performed on a Nicolet 20 SXC
Spectrometer. 2 mg of dry sample were added to
300 mg of spectral-grade potassium bromide (KBr).
The mixture was ground and pressed to form a trans-
parent disc. The transmittance technique was used, and
the samples were scanned 32 times for each spectrum.

The absorption bands in FTIR spectra were identi-
fied to determine the presence in the sample of the
mineral and/or organic phases. The functional groups
associated with the polymer HPMC are CH, CH,,
CH3;, C-O-C, O-H, carbonyl C=0 due to oxidation
and acid carboxyl salts ~O-C=0 [18-22]. The func-
tional groups associated with the mineral phase are
O-H, P-O, P-O-H, C-O [12-16].

3. Results

3.1. pH

The different pH values for fillers in water are shown
in Table I, and the pH values of polymer solutions are
summarized in Table II.
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Polymer solution alone showed that proton pro-
duction occurred after sterilization. In basic media,
protons were consumed, and this consumption was
very high in BCP solution.

3.2. Fourier transform infrared analyses
3.2.1. Fourier transform infrared spectra
of pure hydroxypropyl methyl
cellulose
The absorption bands in the FTIR spectra (Fig. 3) of
non-ionic cellulose ether, before and after sterilization
were identical. C—-O—C and C-O absorption bands of
alcohol occur at about 1000 cm ~ !, whereas CH, CH,
and CHj; absorption bands are found in the
1250-1460 cm~! and 28502980 cm ™! regions. The
absorption band at 1648 cm ™! is that of absorbed
water (H-O-H). The broad absorption band in the
3500 cm ™! region represents hydrogen bonding in the
polymer and absorbed water.
No change in the FTIR spectra were observed
before and after sterilization and after extracting

TABLE II pH of different media diluted with HPMC before (T'y)
and after (T',) sterilization

with chloroform or separation with solvents (bu-
tanol-1, ethanol and water) used in the extraction
procedure III.

When the period of sterilization of the polymer was
extended to 5h, a small absorption band at
1727 cm ™~ ! in the FTIR spectra of the extract appears.
This band may have been an oxidation absorption
band, C=0. For the same period of sterilization (5 h),
the FTIR spectrum of one extract from the polymer
solution with NaOH showed a low absorption band
at 1596 cm !, representing carboxyl acid salts.

3.2.2. Fourier transform infrared spectra
of the composite

The spectrum for the composite mixture (Fig.4)
clearly shows the absorption bands of the mineral
phase, and the organic absorption bands are visible in
the 2900 cm ™! region. In this spectrum, it is very
difficult to observe any changes in the properties of the
polymer.

3.2.3. Fourier transform infrared spectra
of the different mixture separations

3.2.3.1. Mineral and organic separation. The FTIR
spectra of the composite show mainly the absorption
bands of the mineral fillers (Fig. 4). Thus, the main
purpose of the polymer extraction procedure was to
separate the mineral and organic phases since mineral
absorption bands overlap possible polymer absorp-
tion bands in the FTIR spectra.

Medium To T, Proton
consumption
(mol1™1)
Water 9.03 9.00 —6.64x10° 1!
BCP (1 g/20 ml) 8.77 10.62 1.68x107°
0.1 m Ca (OH), 11.96 12.40 6.86x 10713
0.1 M NaOH 11.62 12.48 2.06x 10712
1M NaOH 13.00 13.17 327x 10714
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Figure 3 FTIR spectra of HPMC (a) before and (b) after autoclave sterilization (121 °C; 20 min).
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3.2.3.2. Results for the separation in water medium ().
The FTIR spectrum of the air-dried liquid phase after
water centrifugation of the BCP-HPMC composite
showed polymer and mineral absorption bands before
and after sterilization (Fig. 5). This method failed to
separate the organic from the mineral phases and was
not adequate to show any possible degradation of the
polymer. The spectrum for the solid phase also
showed the BCP absorption bands but not those of
the polymer.

3.2.3.3. Results for the extraction with chloroform
(I). The only sample for this separation was
a HPMC-BCP composite at T;. The FTIR spectra
showed absorption bands of calcium carbonate in the
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Transmittance (%)

basic medium in five extracts out of a total of 6 (II-B),
and in one out of six extracts in the acidic medium (II-A).

3.2.3.4. Results for the extraction with alcoholic mixture
(III). The absorption bands associated with calcium
carbonate at 712, 870, 1420 and 1460 cm ™~ ! were pres-
ent in the FTIR spectra of the extract from the
HPMC-BCP composite at T, and at T'; but were not
present in those at T';. These absorption bands were
observed in the spectra of the extract from the
HPCM-OHAP composite but not in those of the
HPMC-HAP composite.

3.2.3.5. Results for the sequential extraction (IV). The
results are summarized in Table III.

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm™)

Figure 4 FTIR spectra of HPMC mixture with BCP, after drying in incubator.

TABLE III Number of samples in FTIR spectra with mineral peaks at the fourth extract of composite with HPMC and mineral fillers
(BCP, HAP and OHAP), before sterilization (T ), after sterilization (T';), 1 month after sterilization (T',) and 3 months after sterilization (T'3)

Filler pH Times Number of samples with mineral peaks at the following separation stages in Total
the following separation solutions
1v-1 1v-2 V-3 1v-4 1V-5 1V-6
Water Mixture of  Mixture of Butanol +  Butanol + Butanol +
alcohols +  alcohols + water alkaline acidic
water water solution solution
BCP 1 11 Ty Yes Yes Yes Yes No 4/5
T, Yes No Yes Yes Yes 4/5
BCP 1 W 9-10 T, Yes Yes Yes Yes No 4/5
BCP 2 6 T, No No No Yes No 1/5
HAP 8 T, No No Yes No 1/5
OHAP 10 To Yes Yes Yes Yes No 4/5
T; No No Yes Yes Yes 3/5
Total 2/2 2/5 3/7 5/6 77 2/7
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Figure 5 FTIR spectra of dried liquid phase of water separation of the BCP + HPMC at T,,.

3.2.4. Fourier transform infrared study of
polymer degradation

3.2.4.1. Results for the extract with chloroform (Il).
FTIR analysis showed the presence of the COO™
absorption band in the region 1563-1667 cm ™~ ! in the
FTIR spectrum of one of the six extracts of the BCP
composite at T; and the presence of C=0 absorption
bands in five extracts in basic medium and only one in
acidic medium (Fig. 6). The C=0O absorption band at
1690 cm ™! attributed to polymer oxidation. The
C-O-C absorption bands of the polymer were present
in the FTIR spectra of all the extracts.

3.2.4.2. Results for the extraction with alcoholic mixture
(II1). For alcohol separation, acid carboxyl salts (ab-
sorption bands at 1560 cm ™ ') appeared after steriliz-
ation with BCP and HAP (Fig. 7a and d). The C=0
absorption bands at 1730 cm ~ ! occurred in the FTIR
spectra of extracts from all composites at T, and T,
(Fig. 7c and d). At T,, one of the extracts for the
HPMC-BCP composite displayed a major carboxylic
absorption band at 1596 cm ™! (Fig. 8).

3.2.4.3. Results for the sequential extraction with alco-
holic media (IV). Table IV shows that carboxyl
groups appeared only in the FTIR spectra of extracts
at T5. The intensities of the absorption bands were
very low in all the spectra.

The FTIR spectra of four extracts from the com-
posite with BCP 2 at pH 6 showed carbonyl absorp-
tion bands at T, whereas the BCP 1 (pH 11)
composite showed these absorption bands in the
spectra of only two extracts at T3 and only one at T,
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Figure 6 FTIR spectrum of the HPMC-BCP composite extraction
at T; with chloroform—1 M NaOH solution (II-B).

The carbonyl absorption bands were present in the
FTIR spectra of two extracts from the HAP composite
at T3 and in the spectra of four extracts from OHAP
composite at Ty and T;.

Some modifications were observed in the absorp-
tion bands in the FTIR spectra of the extracts. How-
ever, one spectrum of one extract from HPMC-
OHAP composite at T'5 indicated considerable modi-
fication. These spectra display very high absorption
bands in the CH, CH, and CH; regions. A carbonyl
absorption band occurred at 1739 cm ™! (Fig. 9). The
same spectrum of one extract from HPMC-BCP
composite at Ty was observed for the extraction with
chloroform (II). These extract materials were present
in very small quantities.
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Figure 7 FTIR spectra of the third extract with an alcohol mixture
from the following (a) BCP-HPMC composite, T y; (b) third separ-
ation of HPMC alone; (c) HAP-HPMC composite, T,; (d)
OHAP-HPMC, T..

TABLE IV Number of samples with particular organic peaks in
FTIR spectra at the fourth extract of composite with HPMC and
mineral fillers (BCP, HAP and OHAP), before sterilization (T),
after steriliztion (T';), 1 month after sterilization (7,) and three
months after sterilization (7'3)

Ty T, T, T
Presence of COO peaks
BCP 1 0 1
BCP 1 W 0
BCP 2 0
HAP 1
OHAP 0 3
Presence of C=0 peaks
BCP 1 1 2
BCP 1 W 3
BCP 2 4
HAP 2
OHAP 4 4

4. Discussion
The presence of calcium oxide as an impurity in
BCP1 was responsible for its strong alkaline pH and
for the presence of CaCOj in the FTIR spectra. The
changes with the polymer alone were very slight.
The FTIR spectra of the composites did not permit
analyses of some changes in the polymer. The absorp-
tion bands of the BCP were too strong and overlapped
those of the polymer. It was necessary to separate the
polymer from the mineral phase in order to study any
chemical changes which may have occurred.
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Figure 8 FTIR spectrum of the third extract of HPMC-BCP at T,.
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Figure 9 FTIR spectrum of the sixth extract (IV: 6) (liquid a + floc-
culate b) of the sequential extraction of the HPMC-HAP com-
posite, 3 months after sterilization (7'3).

The first aim of this study was to monitor the
separation between the polymer and calcium phos-
phate fillers using FTIR. Extraction with water was
not sufficient to separate the mineral from the organic
phases as evidenced by the persistent presence of the
absorption bands of calcium carbonate. Extraction
with acidic chloroform seemed more efficient than
extraction with alkaline chloroform. Extraction with
alcohol was more efficient in separating the polymer
from the HAP mineral than from the BCP mineral.

The fact that six extractions in different media were
equired to remove all the polymer from the CaP fillers
confirm the strong interaction between polymer and
mineral particles.

All the experiments showed that separation was
better in acidic than alkaline media, owing to the
greater dissolution of the CaP filler in acidic solutions,
suggesting that the electrostatic interactions along the
polymer (hydrogen and acidic bonding) were probably
cancelled out by the presence of protons.

Vapour sterilization appeared to promote H;O™
capture by the polymer, resulting in an increase in the
pH of different sterilized polymer solutions. Indeed,
the pH increased with alkaline medium after steriliz-
ation, whereas cellulose alkaline degradation was pre-
viously found to decrease with increasing pH through
the action of acid products [23]. In our experimental
conditions, the temperature could have modified the
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aqueous environment of the polymer, with H;O™
occurring along the macromolecule and thereby in-
creasing the pH. In fact, protons were consumed by
the polymer during sterilization in alkaline media.

Although the separation of the organic and mineral
phases was not perfect, the FTIR analysis of the poly-
mer extracts showed slight changes in the character-
istics of the absorption bands. These changes were
visible only in the spectra of the composite after ex-
traction and are not due to the extraction process
since polymer controls were not modified. Only the
polymer subjected to 5h sterilization showed few
chemical modifications. With the extracts of the com-
posites, some spectra show absorption bands of car-
bonyl or carboxyl groups.

The presence of carboxyl groups was observed in
the spectra of extracts from alkaline pH and of those
with oxidizing fillers such as OHAP. These results are
comparable with those in the literature, although this
study could not show where these groups were along
the cellulose polymer chain or in a degradation residue.

According to Nevell [9], oxidation can transform
the polymeric chain without decreasing the degree of
polymerization. Without oxygen, the degradation un-
der a nitrogen atmosphere occurs by a peeling-off
mechanism at the end of the polymeric chain. In this
latter case, degradation decreases the degree of polym-
erization. This study could not determine the type of
carboxyl group or whether it was located on the
polymer, on a residue or on both.

All the spectra of sample extracts showed low inten-
sities of the carboxyl absorption bands. Even though this
result may be attributable to experimental conditions, it
indicates that the presence of carboxyl groups was rela-
tively rare, occurring only in alkaline mixture after
sterilization, especially in oxidizing media (Table IV).

The presence of carbonyl groups in the spectra was
independent of the pH of the medium pH owing to the
fillers. In the spectra of the third extract, these absorp-
tion bands appear after sterilization, as in the fourth
extract these bands were visible before sterilization
with BCP1 and OHAP. This last separation was more
complete.

With the HPMC-OHAP composite, the chemical
reaction is expected to have originated from the mix-
ture because of the oxidizing power of the fillers.

Results of the FTIR analyses demonstrated the
effect of the fillers and of the media on polymer degra-
dation. Only the composite produced with BCP (pH 11)
and OHAP have shown degradation after sterilization.

5. Conclusion
Results from this study demonstrated the importance
of the medium and type of CaP ceramic filler in
causing modification of a cellulose polymer after ster-
ilization and in long-term conditions. These results
indicate that preparation of the polymer—CaP filler
composite did not involve a simple mixing of organic
(polymer) and inorganic (CaP fillers) phases but
a complex reaction between the two phases.

The results of degradation appeared to be slight
since most FTIR spectra displayed low absorption
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bands or no absorption bands of chemical modifica-
tion. The most important degradation was shown in
alkaline conditions and with oxidizing agents. With
HAP or BCP without calcium oxide, the FTIR analy-
sis did not show detectable chemical modifications of
the polymer. However, the modification of the degree
of polymerization may be below the detection limit in
this experiment.

The difficulty in completely separating the polymer
from the mineral filler experienced in this study sug-
gested a strong interaction between the two phases.
The present study suggests that biocompatibility and
toxicity should be studied at the time of polymer
production, after sterilization and after long-term in-
cubation, especially if modifications of the properties
of the polymer are possible.
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