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Abstract: The nucleation of calcium phosphate crystals from a weakly supersaturated calcium phosphate solution
on the surface of polyelectrolyte multilayers was investigated in dependence on the chemical nature of the
outermost layer. Scanning angle reflectometry was used to follow in situ the initial stages of the nucleation
kinetics. The multilayers were constructed by alternate adsorption of poly(styrene sulfonate) (PSS) and poly-
(allylamine) (PAH), leading to oppositely charged surfaces. It was verified that films terminating with either
PSS or PAH exhibited a negative or positiggotential, respectively. Surprisingly, both types of surface
layers induced a nucleation process for supersaturations smaller than the one observed on the bare silica surface.
According to the literature, such an effect should only be expected on a negatively charged surface. Infrared
spectroscopy showed that the nucleated crystals are hydroxyapatite (OHAP) or octacalcium phosphate (OCP)
but not dicalcium phosphate dihydrate (DCDP) which is found on bare silica surfaces. On both PSS and PAH
surfaces, the nucleation processes started only after a given induction time. The evolution of the induction
times with different supersaturations was analyzed within the framework of the classical nucleation theory.
The effective surface free energies of the formed crystals were estimated to be on the order eh32anJ

a multilayer terminating with PSS and to be about 37m1¥ on a multilayer terminating with PAH. A
mechanism for the enhanced nucleating effect of such polyelectrolyte surfaces is proposed.

Introduction whose chemical nature is easily controlled by physisorption or
chemisorption.

Biomimetic properties of such films would consist in promot-
ing only heterogeneous nucleation within the film at quite low
bulk concentrations so that homogeneous nucleation in solution
is completely avoided. At the same time, polyelectrolyte surfaces
should also promote adhesion of the inorganic salt crystals

BiomineralizatioA2 is a general process by which inorganic
salt crystals (frequently calcium carbonate or calcium phosphate)
are produced in biological environments. As an example one
can take the ordered deposition of calcium phosphate salts on,
an extracellular organic matrix by means of a heterogeneous
nucleation process, which constitutes the first stage of hard tiss”eformed at the interface. For example, Zhang and Gonsalves
mineralization in all vertebrag! Although the process is of 1o mqted the heterogeneous nucleation of calcium carbonates
tremendous importance for life as we know it, little is known  cystais on poly(acrylic acid) adsorbed onto chitosan surfaces.
about the details that control biomineralization at the molecular Tpe influence of polyelectrolytes onto crystallization has been
level. As a consequence, it is of high interest to study certain ey investigated;” and they either favor nucleation after their
aspects of biomineralization by exact physical methods. It is \5iake onto a sorbent surface or inhibit the process after their
therefore necessary t_o study mineralization in a_rt|f|C|§1I systems adsorption onto the crystal surface. Multilayers resulting from
that allow the chemical nature of the nucleation sites 10 beé ajternated adsorption of anionic and cationic polyelectrolytes
modified in a controlled way and that allow at the same time cqonstitute another original way of preparation of functionalized
data on nucleation kinetics and on the structure of the crystals fjms with control of surface chargeAn additional benefit from
formed to be obtained. A convenient system for physical polymer-treated interfaces is that polymer segments extend about
characterization is to induce mineralization on solid surfaces, 1 nm into the adjacent liquid and that they are soft and can
therefore adapt to the surface of the nucleating crystal.
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because their deposition in multilayer films is well studied; squares regression fitting procedditeThe quality of the fitting

variations of the chemical nature of the polyelectrolytes will Pprocedure is evaluated by mean of the least-squares parggeter

be an option for future studies. Mineralization was followed ]

“in situ” using scanning angle reflectometry (SAR). This , 1 X [lexd6) — lin(61,ANL))2

technique constitutes an excellent tool, allowing a precise x ZN 0.01 ; @
- o . . L = 01, (01) + 0y

determination of the critical supersaturation, of induction time,

and O,f structural properties SUCh_ as If’jlyer thickrfeSthe with 6; the incidence angleN the number of angles at which

deposited crystals were further investigated by means of neasurements were performed anctorresponds to the background

scanning electron microscopy (SEM) to determine crystal noise. leq(6) and Iin(6,An,L) correspond to the experimental and
morphology and by infrared (IR) spectroscopy in order to theoretical reflected intensitiés.

characterize the chemical nature of the crystals. Typical SAR Experiments. Each experiment was preceded by an
extensive purification of cell and tubing with a cleaning solution
Materials and Methods (Hellmanex, 2% in water, Hellma, Mullheim, Germany) by heating to

) _ _ _ 50°C for 10 min. A 2 min rinse with HCI (1%) and a further extensive
Chemicals. Experiments were performed using calcium and phos- rinse with deionized water followed. Then, a first reference reflectivity

phate solutions. Calcium solutions were prepared from £@iirity ~ curve was determined in the presence of pure water. The build-up of
99.5%) (Merck). Phosphate solutions were obtained by mixing equimo- the polyelectrolyte film was performed by sequential injections of
lar solutions of NaHPQOy-7H,O and NaHPO,HO (purity 98.5%)- cationic and anionic polyelectrolyte solutions with extensive rinses

(Merck). Trishydroxy-aminomethane (Tris, purity 99.9%) was pur- petween consecutive deposition steps. The first layer on the prism
chased from Sigma. Equimolar calcium/phosphate solutions (€a/P  always consisted of PEI adsorbed for 30 min. After rinsing with 250
1) were prepared with Tris/HCI buffer in the presence of 150 mM NaCl. mL of H,0, the PSS solution was injected and maintained in contact

The final pH of the solutions was 6.85 0.05. with the surface for 15 min. Again, the cell was rinsed with 150 mL of
Anionic poly(sodium 4-styrenesulfonate) (PSS, M¥W70000 g/mol), H.0, followed by a 50 mLTris/HCI rinse. The architecture of the film,

cationic poly(allylamine hydrochloride) (PAH, M\& 50000-65000 composed of two layers at this point, will be denoted as-FESS.

g/mol) and cationic poly(ethyleneimine) (PEI, M#W 75000 g/mol), Adsorption of the next (PAH) layer leads to the film architecture-PEI

were purchased from Aldrich. Solutions of PSS and PAH were prepared PSS-PAH_ The final film architectures PE{(PSS-PAH), and PE+
by dissolving the polyelectrolytes in 10 mM Tris/HCI buffer (150 mM  (PSS-PAH),—PSS were obtained after carrying out the respective
NaCl) at pH 7.4. The final concentration of these solutions was 5 numbers of adsorption cycles.
mg-ml~%. The PEI solutions were prepared by dissolving 500 mg of Calcium/Phosphate Crystal Nucleation Process Followed by SAR.
PEI in 100 mL of pure water. All solutions were prepared with ultrapure After the formation of the polyelectrolyte multilayer, the experimental
deionized water (Millipore Corporation). cell was emptied and directly brought in contact with the calcium/
Scanning Angle ReflectometryThe polyelectrolyte deposition and ~ phosphate solution. Great care was taken to keep the surface wet during
the calcium/phosphate mineralization processes were followed in situ the whole operation. The crystal nucleation process was then followed
by using SAR. This optical technique allows, in principle, to get access by SAR, the calcium/phosphate solution remaining at rest in the cell.
to the optical thickness and the refractive index of a film deposited on It should be pointed out that in SAR one is only sensitive to refractive
an optically flat surface. The scanning angle reflectometer and the index changes on the reflecting surface and not in the bulk solution
experimental details have been described in previous publicifns. (as long as the refractive index of the supersaturated solution does not
Briefly, the technique is based on the variations, after adsorption, of change significantly). Even more, if bulk nucleation would take place,
the reflection coefficient of an electromagnetic wave polarized in the the crystals formed in this way would sediment toward the bottom of
plane of incidence (p-wave), the incidence angle being close to the the cell and would not deposit on the reflecting surface which is in a
Brewster angleffg). At the Brewster angle, the reflectivity of a p-wave  vertical position. The changes in the reflectivity curves are thus entirely
is null for a perfectly abrupt, planar interface (Fresnel interface). Once due to changes of the optical characteristics of the reflecting surface.
a film is deposited on such a surface, not only does the reflected The polyelectrolyte film build-up and the mineralization process were
intensity at the Brewster angle differ from zero, but the whole followed by determining a reflectivity curve every 10 min. A signal
reflectivity curve (reflected intensity as a function of incidence angle) corresponding to the onset of nucleation on the multilayer manifests
can change in shape and position. From these variations one extractstself as an increase of the reflectivity around the Brewster afigle

information about the deposited film. A typical experiment lasted for 25 h, the firs h corresponding to
The reflectometer is composetia5 mWHeNe laser (Melles Griot,  the building up of the polyelectrolyte film followed by other 20 h which

Irvine, CA, USA) producing almost linearly polarized liglit € 632.8 corresponded to the mineralization step. The reproducibility was

nm). This light passes through a Suprasyl prism to reflect on the inner, checked by performing each experiment at least twice.

optically polished surfacei(4) supporting the deposited film under Characterization of the Deposited Material. SAR results were

investigation. This surface forms one face of the experimental cell. complemented with the aid of several techniques in order to obtain
Before and after reflection, the beam passes through two polarizersdata on morphology and structural properties of the deposited crystals.
which select the p-polarization and which achieve a polarization ratio SEM was used for the morphology investigations. The structural

greater than 10 The incidence angle is selected with an angular characterization of the deposited material was carried out by IR

precision of+ 0.005. The reflected intensity is recorded at various Spectroscopy. This was done by performing two experiments in

incidence angles arourts. The measurements are performed during parallel: one directly in the reflectometer and the second one in a cell
the deposition of the polyelectrolytes and after the addition of calcium composed of the same material as that of the prism (Suprasyl) and
and phosphate solutions in the cell. The recorded reflectivity curves polished optically in the same way by the same manufacturer (Thuet
are then analyzed. One usually uses the homogeneous isotropic layeBiechlin, Blodelsheim, France). Both experiments were started simul-
model! Within this model the layer is characterized by the mean taneously with identical calcium and phosphate solutions. After a given
refractive index incremenAn (the difference between the refractive  reaction time as estimated from the evolution of the reflectivity curves,

index of the layer and of the solution) and by an optical thickness  the silica slides of the second cell were immediately rinsed with

The total adsorbed quantity is assumed to be proportional to the productultrapure deionized water and air-dried to stop further nucleation and
An-L. The parameters and An are determined by a nonlinear least- ~ growth. Specimen were then specifically prepared for SEM and IR

analyses. For SEM investigations slides were coated with-gold

(9) Ngankam, A. P.; Schaaf, P.; Voegel, J. C.; Cuisinier, F. J. Gryst. palladium in a Hummer junior evaporator (Siemens, Karlsruhe,
Growth 1999 197, 927.
(10) Schaaf, P.; Dejardin, Ph.; Schmitt. Bangmuir1987, 3, 1131. (12) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.

(11) Heinrich, L.; Mann, E. K.; Voegel, J. C.; Koper, G. J. M.; Schaaf, Numerical Recipes In Pascal, The Art of Scientific Compui@embridge
P. Langmuir1996 12, 4857. University Press: New York, 1990; p 326.



9000 J. Am. Chem. Soc., Vol. 122, No. 37, 2000 Ngankam et al.

Table 1. Thicknessesl(), Refractive Index Incrementg\(), and a 40
the Total QuantitiesAn-L) Observed after the Deposition of

PEI-(PSS-PAH),—PSS and PEHPSS-PAH), Polyelectrolyte %

Films? —— =110min
PEI-(PSS-PAH),—PSS PEH(PSS-PAH), a0 2 e
number of experiments 5 16 E IRl
L(nm) 16.3: 2.5 17.24 6.7 T —— tagomin
An 0.150+ 0.001 0.15G+ 0.001 5 o~ rSStmin
An-L (nm) 2.4+ 0.4 2.6+ 1 5
2 2

aThe second line of the table corresponds to the number of
independent experiments performed for each film. For each film, both
L andAn = niay — nsoy Were determined independentiy,, representing
the refractive index of the layer and, the refractive index of the
solution. The values presented correspond to the mean values and the 10 1
given uncertainties of the standard deviations.

15

422 423 424 425 426 427 428

Germany), and analyzed using a SEM Stereoscan, (Cambridge, UK) Angle(degree)

operating at 35 kV. IR Spectroscopy experiments were performed with

an EQUINOX 55 apparatus (Bruker, Karlsruhe, Germany) in reflectance b 5
mode. The data of crystals formed by interfacial nucleation were
compared with transmittance spectra of dicalcium phosphate dihydrate 35
(DCPD), octacalcium phosphate (OCP), and hydroxyapatite (OHAP)
monitored on the same apparatus and with reference spectra of PEI 30
(PSS-PAH), and PE+(PSS-PAH),—PSS multilayer films adsorbed
onto silica slides.

25 1

Results and Discussion 20

—&— t=69min
—— t=103min

The build-up of the polyelectrolyte multilayers was followed 154 —o t=106min
at first by SAR. The final thicknesd ), the refractive index T o
increment An) and the value ofAn-L), reached after deposition
of PEI-(PSS-PAH),—PSS and PE+(PSS-PAH), are given 5
in Table 1. The large relative uncertainties given for the different , , , ‘ ’
thicknesses are partly due to the small differences which were 420 422 424 426 428 430
measured between the reflectivity curves relative to the poly-
electrolyte multilayers and the Fresnel curve. The values
reported in Table 1 are, nevertheless, comparable to those foundFigure 1. (a) Reflectivity curves in the presence of a calcium/phosphate
in a previous study for similar polyelectrolyte multilayéfs. solution at a concentration of 6.12 mM for different contact times
Independently, zeta-potentid-potential) measurements were Petween the solution and the PHPSS-PAH),~PSS film. The
performed on similar multilayers deposited on silica capillaries different time scales at which the reflectivity curves were determined

. . . . are given in the inset. (b) Reflectivity curves in the presence of a
to control the sign of charge of multilayer films of different calcium/phosphate solution at a concentration of 6.75 mM for different

architecture. The experimental method and the experimental contact times between the solution and the -PEBISS-PAH), film.
conditions were described in details in referefit&he multi- The different times at which the reflectivity curves were determined

layers with an outer PSS layer showed-potential of—90 £+ are given in the inset.
10 mV. The surface became positively charged when PAH was
deposited as outer layer withépotential equal to+65 + 5 5.944 0.19 mM for PEF(PSS-PAH), (Table 2). Surprisingly,
mV. In comparison, the bare silica surface of the capillary was both anionic and cationic surfaces lead t€asignificantly
characterized by &-potential of about-110 mV. lower than the value of 7.6 0.05 mM observed for the
In the next step the reflectivity curves of multilayer films in  nucleation on the bare surface of the prism (Suprésgne
contact with calcium/phosphate solutions were recorded. The can thus point out that not only negatively charged surfaces
calcium/phosphate concentrations were varied from 4.5 to 6.75 (PEI-(PSS-PAH),—PSS) strongly induce the nucleation pro-
mM for PEI-(PSS-PAH), and from 5.0 to 7.75 mM for PE! cess, but also positively charged surfaces such as 8S-
(PSS-PAH),—PSS. A typical evolution of such reflectivity — PAH),.
curves with contact time between a PEPSS-PAH),—PSS When the multilayers are brought in contact with the
(respectively PEFH(PSS-PAH),) multilayers and the calcium/  supersaturated calcium/phosphate solution above the critical
phosphate solution is shown in Figure 1a (respectively 1b). The concentration, the nucleation process does not start instanta-
corresponding time evolutions of the reflected intensities at a neously, but changes in the reflectivity curves are only visible
given incidence angle are also represented in Figure 2agafter a given induction time. This induction time depends on
(respectively 2b) and can be compared (Figure 2c) with the the calcium/phosphate solution concentration, and the measured
intensities found with the bare prism surface (9). It comes out values are reported in Table 3. As expected, induction times
that during the 20 h of experiments, reflectivity changes are jncrease when the solution concentration is decreased.
only observed when the calcium/phosphate concentration of the e\ was used to visualize the crystals, which were formed
solution in contact with the surface exceeds a certain critical opy the multilayer surfaces. Typical images of surfaces coated
value C). This critical concentration is found to be equal to ity PEI-(PSS-PAH),—PSS and PE+(PSS-PAH), which
5.38+ 0.36 mM for PEF-(PSS-PAH),—PSS multilayer, and  \yere in contact with a 6.75 mM calcium/phosphate solution
(13) Ladam, G.; Schaad, Ph.; Voegel, J. C.; Schaaf, P.; Decher, G.; ar€ shown in Figure 3a and b. On both images platelike crystals
Cuisinier, F.Langmuir200Q 16, 1244, are present which can be compared (Figure 3c) with the

Intensity (mV)

Angle {degree)
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Table 2. Critical Calcium Supersaturation Values (Second Line) Determined Experimentally fer(PE6-PAH),—PSS and
PEI-(PSS-PAH),, and the Bare Silica Surfaces

PEI-(PSS-PAH),—PSS PE+(PSS-PAH), bare silica
critical calcium/phosphate concentrations 5438.36 mM 5.94+ 0.19 mM 7.60+ 0.15 mM
relative supersaturations (relative to OHAP) 204 21+1 27+ 1
pH values corresponding to critical calcium concentrations for the three calcium/phosphate salts
OHAP 4.82 4.77 4.64
DCPD 5.79 5.70 5.44
OCP 5.75 5.57 5.53

a2 The relative supersaturations (third line) were estimated from relation 5. Saturating pH values for OHAP (line 5) for DCDP (line 6) and for
OCP (line 7) were obtained from the values of line 2 and relatiorg}{by replacing IP by the correspondik@p values (see also Appendix).

crystallites found in the presence of bare silica put in contact of the nucleation process on polyelectrolyte multilayers, to get
with a 7.62 mM calcium/phosphate solution. The surface access, in situ, to the pertinent information constituted by the
coverage appears to be more homogeneous in the case-ef PEI induction time and the critical nucleation concentration.
(PSS-PAH), (typical crystal size of the order of-13 um), than To obtain information about the nature of the crystals formed
for the PE-(PSS-PAH),—PSS surface where dispersed crys- at the interface we performed IR spectroscopy. The IR spectra
tallite islands are observed. In this later case the characteristicfor hydroxyapatite (OHAP), dicalcium phosphate (DCPD), and
size of the deposited crystals is on the order oub® These octacalcium phosphate (OCP) and of the calcium phosphate salts
characteristic sizes were roughly evaluated from the horizontal deposited onto PEI(PSS-PAH),—PSS and on PEI(PSS-
widths determined from SEM. For comparison, on a silica PAH), films are given in Figure 5. The principal vibration bands
surface the deposited layer appeared by the aid of SEM are gathered in Table 4. It can first be noticed that the spectra
observations to be constituted by crystals having platelike habitsobtained on PE+(PSS-PAH), and PE+(PSS-PAH),—PSS
and were not densely packed. exhibit very similar vibration bands indicating that the same
We fitted the reflectivity curves obtained by SAR by using crystals seem to form on both surfaces. The three main vibration
the model of an homogeneous and isotropic monolayer char-bands found at 1018, between 593 and 598, and around 551
acterized by the refractive index increment and an optical cm™ correspond well with some major bands of OHAP at 1014
thickness. In the case of the nucleation process taking place oncm-? (anti-symmetric P-O elongation of P&), 597 cnrl
a PEF(PSS-PAHY), surface we could only analyze the first  (anti-symmetric deformation of PO and HPQ") and 552
200 min of the nucleation process. Indeed, the whole reflectivity ¢cm=1, The vibrations around 1035 and at 954, 594, 552, and
curves not only changed in shape during the process, but they523 cn11 could also constitute a signature for the presence (or
also strongly shifted so that the minimum of the curves moved remaining) of OCP. Comparatively, IR spectra of polyelectro-
out of the range of angles over which the reflected intensities |ytes without any deposited calcium/phosphate salts gave no
were measured. In Figure 4 we show the evolution of the optical vibration bands around 1018 ci(data not shown).
thickness and of the refractive index increment for a nucleation  Moreover, on our samples, crystal layers were more than 10
process taking place on a PHPSS-PAH), multilayer forthe  times thicker than the polyelectrolyte layer, so that one can
period of time during which the analysis was possible, the safely assume that the transmittance originates mainly from the
concentration of the solution being equal to 6.75 mM. This result |arger mass fraction of the samp|e which is constituted by
was thus obtained under the same conditions as the onesalcium/phosphate deposits. Comparison between these spectra
corresponding to the SEM image represented on Figure 3b. Itand the spectrum of DCPD allows clearly to conclude that, in
comes out that, at this concentration, the layer seems to reachcontrary to what has been found on a bare silica surface, there
very rapidly its final thickness. The measured optical thickness js no DCPD phase formed in the presence of both types of
of 3.7um is not incompatible with the typical crystal dimensions multilayers.
measured on Figure 3b. This is in agreement with the results  From the values of the critical calcium/phosphate concentra-
previously obtained,where the optical thickness of the crystal tjons given in Table 3, and by assuming a Ca/P ratio of 1, one

layer determined from similar SAR experiments was in full can derive the ionic products (IP) for OHAP, DCPD, and OCP
agreement with the crystal layer thickness measured by trans-as:

mission electron microscopy. In Table 3 we give the values of

the optical thicknesses measured on PEISS-PAH),—PSS Ky

and PER(PSS-PAH), multilayers for different calcium/ IPopap = f(5332+f§,043,[Ca2+]8F3(POZ’1 )W )
phosphate concentrations for the latest reflectivity curve which nilH]

could be analyzed. It comes out that for PEPSS-PAH),— o2 _

PSS the thicknesses are much smaller than the ones obtained IPocpp = feaefhpoa[Ca '] F(HPQG}) (3
on PE(PSS-PAH),. However, these values seem incompat-

ible with the SEM observations. The possible explanation is IPocp= fea-foos[Ca 1 F(PQ;) (4)

that the surface is constituted by an assembly of widely separated
crystal islands of typical size of510um (see Figure 3b), which wherefcz+, feo, fupaz, fr+ represent respectively the activity
are thus much larger than the wavelength of light. The ticiors of C&™ PO~ HPG. H+. Ky, corresponds to the
homogeneous and isotropic monolayer model would thus 1o o nic broduct of water 1 01 104 at 25 °C), and F(PG})

. ] 4

longer constitute a good approximation. These results show that(respectivel)d:(HPOZ’)) are the phosphate fraction present in
optical techniques should never be used solely to analyze _ 4 : .
the form of PG~ (respectively HP®). These fractions are

quantitatively layers originating from crystal nucleation pro- . .
- H dependent and were estimated from the three different
cesses but one should always use a complementary technlqughosphate equilibri&16 The activity coefficients were esti-

such as electron microscopy to ensure the validity of the results.
However, scanning angle reflectometry still allows, in the case  (14) Nims, L. F.J. Am. Chem1934 56, 1110.
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a 1t Table 3. Last Determined Thicknessés(second column), and
o, Induction Times (third column) for PEI(PSS-PAH),—PSS and
1.15 ®© 3 PEI—(PSS-PAH), Films in Contact with Calcium/Phosphate
o Solutions at Different Concentrations (First Column)
110 1 S conc (mM) thicknessesg:(n) induction time (min)
1.06 | PEI-(PSS-PAH),—PSS
=4 5 575 425 240
= 100 P, . .
%f’ 6.12 0.25 250
0.95 1 7.00 0.55 129
v 61mM 7.75 0.85 95
+  7.0mM
00 o 775mM PEI—(PSS-PAH),
4.50 / /
085 1 5.75 / /
‘ r ‘ " r T T 6.12 2.0 206
50 100 150 200 250 300 350 400 6.37 22 182
. . 6.75 3.7 117
Time (min) 6.75 3.7 102
b =0
o 6.12mM We define the supersaturation raBnap With respect to
2.7 1 v 637mM OHAP by
e 6.75mM
24 1/9
o°°°°°°°°°°°°°°°°°°°'°°oe°ooo° Sorar = ( lPOHAPF) (5)
2.1 ° KsproHa
£
18 in which Kspjonap= 1.18 1050 mol®-L~° 17 corresponds to the
15 e solubility product for OHAP, the ionic product §Rap being
TV TIVOITITITIIVIRevIeY evaluated at the onset of the nucleation process. Our evaluations
124 v o 000000 of Sopap give 21+ 1 for PEH(PSS-PAH); and 20+ 1 for
W PEI-(PSS-PAH),—PSS. For comparison, in the absence of any
084 . ' ' . ] seed, Nancollas and MoHérmould not observe any precipitation
0 100 200 300 400 500 600 within 24 h for a Ca/P ratio of 1.6 in a solution at pH 714+
25 °C characterized b$onap = 25. On the other hand, for the
Time (min) same Ca/P ratio, instantaneous nucleation was observed in the
¢ 4 presence of salivary proteins fS@HAp_ = 4.11°0n a bare silica
surface, we observed the nucleation process of DCPD for a
° P, ¢ 7.75mM calcium/phosphate concentration corresponding to a supersatu-
s °¢ - 762mM ration ratio relative to OHAPSonap) Of 27. This shows that,
M even if one does not form the same phase on bare silica and on
multilayers, the polyelectrolyte multilayers exhibit a significant
° nucleating effect for calcium/phosphate crystals
= 2 By considering that, at the nucleation onset, the concentration
a ' A of calcium and phosphate species are the same near the
L F s multilayer and in the solution, one can estimate, by means of
14 * 9t SNy relation 2 the interfacial pH (details can be found in the
Appendix). The calculated pH values relative to the different
surfaces and to the three inorganic phases (OHAP, DCPD, and
0 ‘ ; . ; ‘ ( , , OCP) are given in Table 2. It comes out that they are
0 S0 100 150 200 250 300 350 400 significantly lower than the pH value in the solution. Moreover
Time (min) the lowest pH value is found for OHAP indicating that at the

_ ) _ ) ) ) interface supersaturation is highest with respect to OHAP since
Figure 2. Evolution of thel/lo ratio versus time for different calcium/  ca|cjum and phosphate saturation concentrations are decreasing
phosphate concentratioh.is the reflected intensity at the time zero at functions of the pH. However, according to literature, the
a given incidence angle, ardthe intensity at time measured at the calcium/phosphate phase which forms during the mineralization

same incidence angle. (a) Signals measured on & {f8S-PAH),— d d it lati turati ith ft
PSS multilayer or on a bare silica surface. (b) Signals measured on aPf0C€SS G€pends on iis relative supersaturation with respect to

PEI-(PSS-PAH), multilayer or (c) on a bare silica surface. Arrows @ Particular inorganic phase, its ability to form nuclei and its
on the figure represent the beginning of the nucleation process. Thegrowth rate. For relatively high supersaturation, for pH values
calcium/phosphate concentrations used are given in the inset with thenot so far from neutrality, it was suggested that amorphous
corresponding symbols. calcium phosphate (ACP) is normally first precipitated, ACP

mated by the DebyeHiickel equation. The derivation of then converts into OHAP usually via OCPAt intermediate

expressions 24 are given in appendix. (17) Gramain, Ph.; Voegel, J. C.; Gumpper, M.; Thomann, J.JM.
Colloid Interface Scil1987 118 1934.
(15) Bates, R. G.; Acree, S. B. Res. Natl. Bur. Stand. (U.2943 30, (18) Nancollas, G. H.; Mohan, M. $\rch. Oral Biol. 197Q 15, 731.
129. (19) Campbell, A. A.; Nancollas, G. HColloids Surf.1991 54, 33.
(16) Handbook of Chemistry and Physi&7th ed.; CRC Press, Boca (20) Elliot J. C. Structure and Chemistry of the Apatites and Other

Raton, FL, 1986-:1987; p D-163. Calcium OrthophosphateElsevier Science B.V.: Amsterdam, 1994; p 155.
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Figure 4. Evolution of the layer thicknest in nm (©) and the
refractive index incremenAn (V) for an experiment realized with a
6.75 mM calcium/phosphate solution in contact with a PESS-
PAH), polyelectrolyte layer.
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Figure 5. Infrared spectra of calcium/phosphate crystals formed on
PEI~(PSS-PAH),, PE-(PSS-PAH),—PSS polyelectrolyte multilay-

ers and the spectra of pure OHAP, OCP, and DCPD samples. The origin
of the different pure calcium/phospohate salts is indicated in the title

: of Table 4.

’ 3 : ot the S as:
Figure 3. (a) SEM image of the silica surface coated with a PEI e-as.
(PSS-PAH),—PSS polyelectrolyte layer after its contact with a 6.75 1 1 B
mM of calcium/phosphate solution during 20 h. (b) SEM image of the T= A—3,4 —,4€'XF( > 5) (6)
silica surface coated with a PE(PSS-PAH), polyelectrolyte layer (S—-1) s 41n
after its contact with a 6.75 mM of calcium/phosphate solution during 3 34
20 h. (c) SEM image of the silica surface after a 20 h contact with a A= a )
7.62 mM calcium/phosphate solution. nKJKé

supersaturation, the process seems to go via DCPD or®®CP, whereA is practically anS-independent kinetic factor and
whereas direct formation of OHAP was reported at lower
supersaturatio?? The presence of OCP compatible with IR B= ﬂy31/2/(k'l‘)362 (8)
analysis is thus not unexpected.

Let us now analyze more quantitatively the dependence o
the induction time on the supersaturation ratio. Classical
nucleation theor? predicts that the induction timevaries with

t Here,$ is a numerical shape factor (e.g.,/48 for spheres)y

| is the molecular volumey(Jm~2) is the specific surface free
energy (interfacial tension) characterizing the crystal/solution
interface, andd the number of ions in the formula unit. The

(21) van Kemenade, M. J. J. M.; de Bruyn, P.X.Colloid Interface induction timer being, in first approximation close toX(§),-
SC'('212$;8g01&2’y5GA4'L_ Posner, A. . Phys. CherL976 80, 40 we have plotted in Figure 6 IB4(S—1)¥40as a function of
(23) Verdoes, D.; Kashchiev, D.: Rosmalen, GJHCryst. Growtt1992 I/In%S). Assuming a linear dependence betweeBHif(S—1)340]

118 401. and I/Iré(S) one can estimate the value of an effective specific
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Table 4. Principal Vibration Bands in cnt Obtained by IR Spectroscopy for OCP (kindly provided by Dr. lijima, School of Dentistry, Asohi
Univ., Japan), OHAP (Bio-Gel, HTP, Bio-Rad Lab., Richmond, CA), DCPD (Merck, catalog no. 2146, Darmstadt, Germany) and of the
Calcium/Phosphate Salts Deposited onto-PEISS-PAH),—PSS and PEt(PSS-PAH), Films (two last lines) in Contact with a 6.75 mM

Calcium/Phosphate Solutions during 20 h

OCP 1115 1051 1033 1009 957 914 860
OHAP 1088 1014 962 870
DCPD 1175 1128 1056 989 885 860
PEI-(PSS-PAH),—PSS 1073 1035 1018 950
PEI-(PSS-PAH), 1073 1018 957

ocp 594 555 523

OHAP 627 597 552

DCPD 557 552

PEI-(PSS-PAH),—PSS 668 598 552 548 536 524 504

PEI-(PSS-PAH), 660 597 552 536 524

aMajor peaks are indicated by bold-face characters.
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Figure 6. Plots of InGY4(S — 1)*“r] versus 1/I&(S) for PEI-(PSS-
PAH),—PSS @), and for PE+(PSS-PAH), (<) brought in contact
with calcium/phosphate solutions at different concentrations. Lines

represent the linear regression for both systems.

surface free energy of 32 m3m—2 on PE-(PSS-PAH),—
PSS and of 37 mih~2 on PE(PSS-PAH),. These values

PSS on the calcium/phosphate nucleation process could be the
consequence of a reduced ldounterions concentration close

to the surface or to the strong calcium chelating properties of
the negatively charged polyelectrolyte films. This subdivision
of polyelectrolyte multilayers into charged interfacial zones and
a quasi-neutral interior has been observed béefete Two
similar explanations can be proposed for the effect of a
positively charged multilayer such as PEPSS-PAH), which

can either accumulate OHons close to the surface or/and have
strong phosphate chelating properties. One can also point out
that in comparison to polymer films such as chitosan, the outer
polyelectrolytes are quite more flexible and thus can change
their conformations so that the positively (respectively, nega-
tively) charge distributions can roughly fit with the negatively
(respectively, positively) ionic group distributions of charac-
teristic lattice planes of calcium/phosphate structures. Such an
effect should be much more difficult to reach with rigid
structures such as chitosan or with monolayers of adsorbed
charged polymers

Conclusions

It was shown in this study thagiolyelectrolyte multilayers,

are, as expected, lower than the surface tensions determinedoth negatiely or positvely charged, lead to a decrease of

for homogeneous nucleation of apatites (289-m3 for
fluorapatite?* and 87 mdm=2 for OHAP?5). This seems to
indicate thatthe polyelectrolyte multilayers aregery effectie
nucleating agents for calcium/phosphate cryst@lsey can also

the supersaturating ratio for heterogeneous nucleation of
calcium/phosphate crystaland this is, to the authors knowl-
edge, the first time such a beneficial effect is observed on a
positively charged surface (PE(PSS-PAH), film). Moreover,

be compared with the surface free energy of the overgrowth it was found that the nature of the last layer has a pronounced
based on heterogeneous nucleation of OHAP on variousinfluence on the crystal structure (no DCDP) and on the crystal

substrates as 152 md—2 on DCPD?6 93 m3m~2 for OHAP 27
70 m3m~2 on collagef® 55 mIm~2 on phospholipid3) 90
mJm~2 on highly phosphorylated proteif$and 92 mdm—2
for phosphorilated copolyme?$.Our values ofy are thus
smaller even if of the same order as the valueg éund on
most of the surfaces.

By assuming that only charged sites near the last polymer

morphology. Some mechanisms of action of the multilayers on
the nucleation process were proposed on the basis of an increase
of the concentration of some ions near the last polyelectrolyte
layer of the multilayer. Further studies are however needed to
support this view in which the amount and nature of chemical
groups and surface charges are largely varied.

This study also constitutes a first step toward the design of

layer are involved in the creation of nucleation sites, the effect new biomaterial coatings favoring osseointegration of implants

of a negative polyelectrolyte film such as PEPSS-PAH),—

(24) Cappellen, P.; Berner, R. &eochem. Cosmochem. Adi@91, 55,
1219.

(25) Arends, J.; Christoffersen, J.; Christoffersen, M. R.; Eckert, H.;
Fowler, B. O.; Heughebaert, J. C.; Nancollas, G. H.; Yesinowski, J. P.;
Zawacki, S. JJ. Cryst. Growth1987 84, 515.

(26) Koutsoukos, P. G.; Nancollas, G. Bl. Cryst. Growth1981, 53,

10.

(27) Dallas, E.; Kallitsis, J. K.; Koutsoukos, P. Gangmuir1991, 7,
1822.

(28) Koutsoukos, P. G.; Nancollas, G. Bolloids Surf.1987, 28, 95.

(29) Dallas, E.; loannou, P. V.; Koutsoukos, P.lGngmuir1989 5,
157.

(30) Saito, T.; Yamauchi, M.; Crenshaw, M. A.Bone Miner. Re<.998
13, 265.

in contact with hard biological tissues by increasing the ability
of heterogeneous nucleation. This integration ability should be
increased by additional adsorption of mineralization-inducting
proteins or of small apatite crystals on these multilayers; such
studies are currently under investigation.
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Appendix
PP HPO = H" + PO, (17)

Detailed Calculation of the lonic Products of OHAP, OCP,
and DCPD Inorganic PhasesThe ionic structures of OAHP,  and their equilibrium constant§;, Ky, K3 are: K; = 6.53 x
DCPD, and OCP correspond respectively t@(@&y);0H for 103 molL™1 MK, = 6.57 x 108 mol-L 1,15 andK3 = 4.73
OHAP, CaHPQ@2H,O for DCPD, CaH(PQy)3:2.5H,0 for x 10718 mol-L =116 Ky, Ky, K3 are defined by:
OCP, and their respective ionic products (IP) can be defined

as: {H}{H,PO,}
1T T ool (18)
+15 — 3 - {HPO}
IPOAHP:{Ca2 H{PG,” }{OH} ) N -
IPyepp = {C& H{HPO } (10) = 0 HRPO ) HHPO) (19)
i S © {HPO)
IPocp={C PO,” }{H 11
oce={Ca }{PO,” }{H"} (11) ={H+}{H2Po?;} 20
where the brackets correspond to the ionic activities. The same ° {HPOff}
relations stand for the solubility products valid at equilibrium
by replacing IP byKsp. We usedKsponap = 1.18 1070 If one defines the fraction of phosphate ions present a8 PO

molP-L 2" Ksppcpp= 2.37 10 'mol-L 2 32 Kgpocp= 3.98 and HPQ?™ by

107**mol-L 8. 32 Relations 9-11 can be derived by using the

concentrations multiplied by the activity factors instead of the ~ F(PQ} ) = POS U[P] andF(HPC, ) = (HPQ, [[P]
activities. Thefcz+, fupa?, frpa, frad- andfy+ activity factors

of Cat, HPQ?~, H.,PO;~, PO, and H" were evaluated from  and combining these ratios with the definitions of the equilib-

the extension of the DebyeHuckel law rium contantsK;, Kz, K3, one obtains
KKK
AZ FPO ) = —=-2-3 1)
log(f) = — m (12) "7 Qfpgp
with

whereu is the ionic strength calculated by

K{H? KKA{H KKK
10 Q={H+}3+ o }+ 1Ko }+ 1723
u= EZCiZi2 (13) fpo,- fupo,z- foo,a-
£

Similarly, F(HPOs%7) the fraction of phosphate as HEFO can
Ci represents the concentration anthe number of charges of  be defined by

(22)

ions ‘i". A, B, and & are constants depending upon the

temperature and on the dielectric constant of the solution. The . KKA{HT}

values fora; are: 6x 1078 cm for C&*, 9 x 10°8 cm for H*, FHPQG;) = Ofopor (23)
2

and 4x 1078 cm for the different ionic phosphate forsA
i 33
and B are respectively equal to 0.522 and 0.331C° cm. If one considers also the ionic product for watgy = 1.01

The total phosphate concentration (P) can be expressed as gg-14 gt 25°C, then relations 911 can be expressed only versus
function of the calcium concentration since (Ca)/(®)1. [Ca?*] and F(PO2~) for OHAP and OCP, or [C4] and
However, P is constituted by the sum of four ionic species F(HPOg") for DCPD. One then derives relations 2 in which

F(PO2") andF(HPQ42") are only pH-dependent. From relations
[P] =[H,PO] + [H,PO, ] + [HPO, 1 +[PO,>]  (14) 2—4 whenKsp (the solubility products) are used instead of IP,
it is possible to estimate from the experimental saturating
calcium concentrationsCg), the saturating pH values corre-
sponding to OHAP, DCPD, and OCP (see Table 2).

(32) Elliot, J. C.Structure and Chemistry of the Apatites and Other Notation {x} corresponds to the ionic activity of “x”, and
Calcium Orthophosphatg&lsevier Science B.V.: Amsterdam, 1994; p16. [x] to its concentration.

(33) Moreno, E. C.; Gregory, T. M.; Brown, W. BH. Res. Natl. Bur.
Stand. (U.S.1966 70A 545. JA0007830

These ionics species are defined by three equilibrium relations




