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Effect of carbon dioxide on self-setting apatite cernent formation
from tetracalcium phosphate and dicalcium phosphate dihydrate;
ATR-IR and chemoinformatics analysis

Yuta Otsuka- Masaki Takeucl#i- Makoto Otsuka-
Besim Ben-Nissafh- David Grossif-Hideji Tanaka&

Abstract Rapid self-setting apatite cernent (SSAC) formaxperiments. The scores are, therefore, time differentiated,
tion from tetracalcium phosphate (TeCP) and dicalcium phosnd the relationship between the differentiated scores is ana-
phate dihydrate (DCPD) has been investigated by an atteryzed. The time differentiation approach is found to be useful
ated total reflection Fourier transform infraf@@R-IR) spec-  for understanding complicated chemical reactidie PCA
troscopy coupled withprincipal component analysis (PCA). results suggest that SSAC formation can be divided into three
After TeCP and DCPD were kneaded with phosphoric acidpajor stagesIn the first stage,C0; concentration in the

the peaks of ATR-IR spectra for the kneaded samspift  transfonning cernent rapidly increases, which triggers HAp
significantly in the ranges of 2250-2400 and 850erystallization. In the secondstage, C0O, concentration still
1150 cmtdue to the crystalline transformation into hydroxy-increases, but its increasing rate drastically decreases; HAp
apatite (HAp)The PCA results indicate that the loadings oftrystallization continuewith increasing rate. In the lastage,
principal componentsalhnd 2PCland PC2, respectively) are C0, concentrationdecreases, and HAp crystallizatieignif-
ascribed to CPand phosphate group, respectively,the icantly slows down.

transforming cernent. The PCI score initially increases to

reach a maximum at around 1000 s and then decreasesKbywords Self-setting apatite cernent -Hydroxyapatit
contrast, the PC2 score increases continuously, but its incistenuated total reflection Fourier transform infrared

ment became lesser with time. Although the profiles of PC&oectroscopy - Principal component analysis - Crystalline
score againd®Cl scorearesimilar in shape, theraredevia- transformation- Differentiatedscores

tions among the profiles obtained through quadruplicate
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Hydroxyapatite (Ce(PQ)6(0H)z; HAp) (morestrictly,
non-stoichiometricsubstitutecdHAp) is a major constitu-
entof bone ( 60% by weight) and has high biocompat-
ibility. Inthe field of biomaterials, bioactive HAp bone
cements argenerallyproduced from tetracalcium phos-
phate (Ca(PQ:)20; TeCP) and dicalcium phosphate
dihydrate (CaHPQ -2H0; DCPD) in the pesaice of
phosphoric add. This kind of bonecernent, which con-
tainsremaining TeCP andDCPD, is called "sdf-setting
apatite cerneniSSAC)’ The cernenhas moderaterys-
tallinity with similar characteristiceo mammalian bone
[1-3] and high biocompatibilitylt is often used as a
bone filler for bone defects iarthopaedic surgery4].
Hamanishiet al. reported @ew drug delivery system



(DDS) for vancomycin, based d®SAC;the DDS-SSAC Materials and methods

was successfully applied to the treatment of methicillin-

resistant Staphylococcus aureus osteomyelitis p].  Materials

Hamada et al. reported DDS-SSAC containing simva-

statin, and the medium-responsive release of the dru@CP and DCPD powdevgerepurchased from Taih&Zhem-

in vitro. They investigated bone minerai densifyange ical Industrial Co. (Osaka, Japaahd Wako PureChemical

after the implantation of the DDS-SSAC in osteoporoticindustries (Osaka, Japan), respeeely. The apatite cernent

rats by means of an X-rasomputedtomography . was preparedaccordingto the procedure described by Brown
Miyamoto efal. quantitatively measured the transformationand Chow[1. The raw materialfor the preparatiorof the

of TeCP and dicalcium phospha@é@hydrate (DCPA)nto  cernenfpowderwas an equimolar mixture of TeCP a@n@PD

HAp by a powder X-ray diffraction analysiXRD) [7].  powders, inwhich the molar ratio of Ca/P was 1.67.

XRD is, however, not sufficient to measure the selfing

process, because XRD cannot follow rapid reaction in minuté2owder X-ray diffraction analysis

or shorter. In addition, the method requires relatively large

amount of samples (>0.1 g). It is, therefore, highly desirabl€he raw material, which had been stored at high Hitymivas

to clarify the self-setting mechanism of HApm TeCP, carefully ground in an agatemortar with a pestle. Loosely

DCPD (or DCPA) in order to develop new generatiorpacked sample was prepared in ordeavoid crystal orienta-

biomaterials. tion when it was poured in the holder of the instrumeiti-
Fourier transform infrared (FT-IR) spectroscopy is oneut compression. The crystal phases in the specimens thus

of the most versatile analytical methods for the identificaprepared were analyzed with a powder X-ray diffraction

tion of materials and the quantification of theiompo- (XRD) system (Miniflex, Rigaku Co., Ltd., Tokyo, Japan) at

nents. The spectroscopan affordchemicalandor phys-  room temperature Measurementonditions were as follows:

ical informationon thematerials withIR-active vibrations Ni-:filtered CuKcx radiation (A=0.1540 nm)yoltage, 30 kV;

(symmetrical/anti-symmetrical stretching, scissoriatg.), current, 15 mA; time constant, 1 s; step slit, 0@funting

light diffusivity, and so on. The relationship between IRtime, 1.0 s; and measurement range, 20=5.0245

absorbance and the concentration of the component obeys

Lambert-Beer's law. Petrov arSbptrajanovsuccessfully Infrared spectroscopy measurement

applied FT-IR spectroscopy to thecharacterizationof

metastable calcium phosphate$8]. Changa et al.[9] Infrared spectra wermeaured with an FT-IR spectrometer

employed FT-JR spectroscoplyp analyze the cross- (FT/IR-6500,JASCCCo., TokygJapan) equipped with an

linking of the HAp/Collagen nano-composit€onven- ATR accessorywhichwas inserted directly in the light beam.

tional FT-IR spectroscopy requires, however, sample dilu-ive milligramsof mixed TeCP-DCPD powdevaskneaded

tion with potassium bromide powddrecause itsensitiv-  with 200 L of 11.0 mmol/lphosphoric acidlhe paste was

ity is too high to measureaw materials Attenuatedtotal  puton a grmanium glass of the ATR accessory angeced

reflection (ATR)-IR spectroscopy can overcome suchwith asheetdParafilm: atroom temperaturtR spectra of

shortcomings of FT-IR spectroscopy and rapidiessure the susmnsions were measued in the range of 600

afew milligrams of sample in monolithic, thin filmké or 3800 cm!? at aresolutionof 8 cm< and acquired adigital

liquid form without dilution [10, 11]. data in @omputeffor furtherkinetic analysisThe data of 120
Chemoinformatics is a combination of mathematisati scansverenormalized based dhe area under the eoved

statistical methods for the design or selection of the optimapectrum[17] and corrected where air spectrum was

conditions of experiments and ftite derivation ofutrnost  subtected fromtheaveragedpectrum aslaclground.

pieces of chernicainformationthrough the aalysis of ac-

quired data 12, 13]. Principal componentanalysis (PCA)s  Software

a multivariateanalysisthat can be used for thanalyses of

reaction kineticsand of spectra obtaineoly spectroscopies The chemoinformatics calculations were performedJbsC

[14]. RAMBLER software versionl0.2 from CAMO (Computer
We havebeen studying on thpolymorphie transition of  Aided Modelling, TrondheimNorway).

drugs inpharmaceutical tabldty meansof XRD [15] or FT-

near infraredspectroscopy coupled with ChemoinformaticsPrincipal component analysis

[16. Inthe presentstudy, we propose an ATR-IR- and PCA-

basedapproachfor the elucidatiorof thereactionmechanism Although ATR-IR spectra can be representedhidimension-

of rapid self-setting apatiteformation from TeCP-DCPD al space, it is difficult to comprehend the data in dimen-

suspension. sionsmore than threelt is, therefore,useful toreduce the



dimensionality of the multidimensional spectral spatg.[ 39.6°, and 41.5°. These results indicate that the bulk powder
Multivariate analysis methods such as PCA can reduce thed TeCP-DCPD mixture transforms into HAp, hudry small
dimensionality of multidimensionalspace white retaining amounts of DCPD (28=29.2°) and TeCP (28=25.2°pre
most of the original information in the data set. PCA operateemained. Similar results were reported by Hayakawa et al.
by obtaining eigenvalues of thariance-covariancenatrix [19, 2Q].

(S) of the origin of data set and the eigenvectors. Calculation

of the eigenvalues and eigenvectors can be accomplished@R-IR spectroscopy

readily via the singular value decompositionSoffhe mean

centered data matriX is, therefore, reduced to tisemof a  Figure2 showsthe temporakhange ofcorrected ATR-IR
cross-product of twemallermatrixes,P andT,andaresidual  absorption spectraf the TeCP-DCPD mixture kneaded with
matrix, E, phosphoric acid. The peaks in the ranges of 1500-1700 and of
2800-3800 cntare due to frewaterin aqueous phase. The
spectra showharacteristigpeakshiftsin the ranges of 2250-
2400 and 850-1150 cinattributable to the formation of
HAp. As for thelatterrange, itis known thatheabsorption
bands of HAp-related materiadse, respectivelyassignedo

28 follows p1-23]: the band at 3569 cato hydroxyl stretch

and the bands at 962, 472, a0, and 520-660 crhto

i, -v2, -va3, and-va vibrational modes of phosphate ions, re-

X =TPT+E (1)

where T is the matrix of thesigenvectorqloadings) andP is
the matrix ofscoresThe cross-product oFPTcontains most
of the original variance iX This term(TPT)is the structured
part of the data: the part that is most informative. The remai
(E) represents the fraction of variation that caro@inodelled

well [17]. . .
spectively. At 5400 s after the kneading, the IR spectra of
SSAC showedmore characteristic peaks in the range of
850-1150 crt, compared t@t0 s,due to phosphate ions.
Results and discussion The CQ -vs broad peaksould faintly be seenin 1400-
1550 cmtin this figure.ltis known that C@is contained in
XRD analysis HAp products as an impuritauchcarbonated HAp is gener-

ally classifiedasA-type or B-type 24, 25]. Carbonate ion is
Figure 1 shows the powder X-ray difilactograms of SSAC, substitutedwith OH (typeA) or PO, (type B) in HAp. Type A
TeCP, equimolar mixturef DCPD andTeCPraw cernentand  carbonategivesdoublet bandst about1545 and 1450 crh
DCPD; SSAC was prepared through kneading the TeCRasymmetricstretching vibration;vs) and 880 cm-! (out-of-
DCPD mixture (5.0 g) with 11.0 rnmol/L phosphoric acidplane bending vibrationy.). type B carbonate gives three
(20.0 pL) for 1 day. The profile of SSAC shows broad peakbands at about 1455, 14Hnhd 875 cmi-[26,27]. The CQ
at 25.8°, 31.6°, and 32.7° that are characteristic of HAp. The&, peaks could be seen faintly &1 cm-in this figure This
profile of TeCP has distinct peaks at 25.2°, 27.8°, 28.1°, 29.1%esult suggests that B-type carbonate HAp is produced in the
29.6°, 31.0°, 32.1°, 33.8°, 35.3°, 36.1°, 38.6°, 40@8°. That  present study.
of DCPD does so at 11.5°,20.8°, 23.3°, 29.2°, 30.4°, 34.0°, Figure 3 showsthe normalized ATR-IRspectrain the
ranges of 22502400 and 8561150 cm-l. The spectral
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Fig. 1 XRD profiles of apatite cernent before and after sethitig{ ED 4000 3500 3000 2500 2000 1500 1000 500
equimolar mixture of TeCP and DCPD before the set@®ACself- Wave number/cm-|

setting apatiteernentprepared through the kneading of MIXEDgp  Fig. 2 Temporal profiles of Ff-ATR-IRpectreof apatitecernentn the
with 20.0 pL of 110 mmol/L phosphoriacidfor 1day courseof thesetting



Fig. 3 The normalized ATR-IR 8 0.15
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change suggests that TeCP and DCPD inthe raw cernent hagspectivelyltis important taontrolthe number of principal
transformed into HAp by the kneadihat is, thebsorption component (PC) in multivariate analysis such as RfeA
peak by phosphatgroupshiftsfrom 1058cm- (HPQyto  cause unsuitable number of PC may cause uncsatts.In
1024cmi (PQy, indicating the crystaltransitionto HAp  order toclarify HAp formation,the effectof PC numbeirof
fromthe raw cernen®f]. Thepeaksat 2360 and 2340 céin  explainpararneters shouldsobeexamined irdetail.Ideally,
due to C@did notshift, but their intensities changedan simple models with minimatomponents, whertbe residual
complexmannerinthe course ofthenationofHAp.This  varianceis ultimately zeroshouldbe searched. The smaller

result will be discussed in lateection. total residuaVarianceds, the more pieces of informatianthe
variation can be explainetithis is notthe casgt meanghat
Principal component analysis there are coriderablenoises irthe dataandor that thedat

structureis too complex to beaccounted for with a gnall
The normalizedabsorbance ithe ranges of 850--1150 and numberof comporents[17]. The residualarianceof multi-
2250-2400cmu (Fig. 3), which, respectively, correspond to variateanalysis of ATR-IR specttaas not only a quantitative
C0, and phosphatgroup,is analyzed by PCA. In the present analytical result but also qualitative chemicalinformation
PCA computation, ATR-IR absorbance estchwavenumber about the products. Adescribedin the previoussectionthe
is regardedasthe varible. Total residual variances f®®CA, normalized ATR-IR spectrhaveinformation regardingo
which was based on the change of ATR-IR spectra during tf0; in the suspasionand phosphate group in HAp. Number
cernent setting, were 4.1dnd 1.20 % for PCl and PC2, of PCs for PCAneedstherefore, to be deasttwo so ago
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Fig. 5 Score profiles of PCI (a)
and PC2 (b) for the ATR-IR
spectral data matrix of each SSAC
setting process

0.04

004 {

explain the change of ATR-IRpectrain the course ofelf-
setting HAp formation.

Figure4 shows the loadings of PCl and PC2 for PEA
theranges of 850-1150 and 2250-256®w. PCI hassig-
nificant peaks$n therangeof 22502400 cm?, butdoesot
haveinthe range of 8501.50cm-L.In contrastPC2 hasuch
peak in the range of 850-1180Gw,butdoes not have in the
range of 2250-2400 criThese results indicate that R@id
PC2, respectively, correspond to,@dd phosphatgroup.

Figureba, bshowshescoreprofiles of PCl and PC2 ihe
ATR-TR spectratlata matrix oeach SSACsampleas &onc-
tion of setting tline. Since the spectig absorptioprofiles

(A) Score prdile of PCI

(B) Score pofile of PC2

0.01

0.005 4

04

-0.005 A

—#2 -0.01 4
H4
———————— e -0015 — 4+ ——
2000 4000 0 2000 4000
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Figure 6 showsthe relationships between thecores
of PCl and PC2 for theamples.Initially, the change of
PC 1 is moresignificantthan that of PC2. All profiles
are similarin shape,but the variationin their values,
especiall in those of PC 1 are verylarge The baseline
shift in ATR-IR spectraresulted from the differences in
powder density, size distribution, and background humidity
are consideretb attribute tahevariation.

PCA with score differentiate analysis

In order to eliminatethe variations among samples, the

following Lambert-Beer's law, the obtained scores of PCl andcoreswere differentiatedwith respecto time. The in-

PC2 correspond to the concentrations of @@ phosphate

formation regarding to timeare not reducedand still

group, respectively. The score profiles of PCI (A) increasedontained in the scoreand their differential values.
initially, reached to a maximurataround 1000 s, and then Figure 7a, b shows thusobtaineddifferential scores of
decreased. Although the variation of the scores is large bBCl and PC2, respectivgl The time-differentiated PCI
tween thesamplesthe tendencies are similar among themscoresincreased initiallywith time, reached maximat

Incontrast, the score of PQR) increased sigmoidally.

180 s, and then decreasedo zero at aroundlO0O s.

Fig. 6 Relationship between PCI 0.01
and PC2 scores for each SSAC
settingprocessArrow indicates
i 0.005
the timecourse othe process 5440’
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Fig. 7 Differentiated PC1(a) and
PC2 (b) score profiles for each
SSAC phaséransformation
process
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After 2000 s, the scoresbecomealmost constant

PC2 scoresincreased slowlyreachedto maxima around
1000 s in contrast with 188 for differentiated PC 1,
and then decreased.

2000

and
have negative values In contrast, the differentiated K :m
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[H][HCO;]

= 4.45 x 10 "mol /L (5)

whereK;,; means thapparent firstlissociationconstanbf

Figure 8 showsthe relationship between differentiat- carbonatecid taking C@concentrationnto acount.

ed scores ofPCland PC2. It suggestghat thetransfor-
mation of SSAC consists athree major stagesin the
first stage,the concentrationchang rate of CO2 (corre-
sponding to PCI) rapidly increaseend the recrystalli-
zation relating to phosphatgroup vibration (corre-
spondingto PC2) starts. In theecondstage, thecon-
centration changeate of C02 decreasewith time, but
the crystallization rate stilincreases constantly In the
lag stage,the concentratiorchangerate of C@ dightly
decreases t@ negativevalue, and the HAp crystalliza-
tion rate significantly decreasdstom these resultsC0;
is considered to beiwot only the source of C03- of
carbonated HAp but alsa catalyst for HAp formation.
Referringto the report byWelch et a. [29], chemical
reaction between the calcium phosphatesl CQ is
consideredto be expressedss follows

Henry's law indicates thahe partial pressure o€0,
gasis proportional to CP concentrationin suspension
(Egs. 2 and 3). C0, concentrationin atmospheric air is
constant at 381 ppmv (=58v%).

C02 (g);::C02(aq) 2

C02(aq) + H20(l):;:!:H2C03(aq) (3)

Thehydration constari€h forthereaction of Eq3is1.7x
10-3mol/L at25°C.

C02(aq)+H20()):;:1:H+ (ag) + HCOi(aq), pK =635
)

HCO)Yaq):;::H+(aq) + CO-(aq), pKaz=10.33 (6)
[tt+] [coz-J
K2= 3 =47x1041mol/L 7)
a [HCOJJ

C02 isionizedto COl- (Egs.3,4,6), the concentration of
whichisexpressdinEg.7.

The reactions of Eq&-4and6are reversible.

Fukaseet al.[30] reported that theaw TeCP-DCPD ce-
rnent trasformed intostoichiometridtHAp as follows:

2Ca4(P0420 + 2CaHP04- 280->CalqP04) (0H)z +4H20

(8)
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Fig. 8 Relationship between diffeteried PCl and PZ scores for

SSACsettingprocessHorizontd andverticalbarsindicateregective
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Otsuka et al.31] elucidated through their study employing Conclusions

FT-IR spectroscopy that an apatite cernent transformed into

carbonated HAp while absorbing a small amount of carbonafthe HAp formation process from DCPD and TeCP suspen-
ion; carbonate ion in the carbonated HAp could be removegion has been investigated by ATR-IR and chemoinformatics.
by laser irradiation. Hsu et al. reported that the chemical foiFhe differentiated score is useful for understanding the com-
mulation of B-type carbonated HAp in mammalian baas  plicated chemical reactions involved. The proposed approach
[Caro-xNax(PQys_Xx(COz)x (OH)2] [19]. The present results is found useful for analyzing the rapid reaction such as the
indicate that the bulk powders of TeCP and DCPD irreversiblgelf-setting TeCP-DCPD apatite formation of the present
transformed into carbonated HAp inthe presence g&@6r  study. The setting formation of SSAC consists of three stages,

its being mixed wittakneading solution (E). and CQ plays an important role for the transformation as a
catalyst. We are studying on the polymorphie transformation
2Cai(P04p0+ 2CaHP04- 2H26 xH-+ of carbamazepine by the proposed approactyatithginfor-

HXCO —-->Cal0-X(PO4)EICO3X(OH)2-x mative resultsThe results will be published elsewhere in the
near future.
+xeaz++xPO-+ (4 + X)H20 9)
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